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Abstract 
Irrigation practices and environmental factors are major causes of 
salinization that affects more than 40% of irrigated lands worldwide. In China, 
there are seven million hectares of affected lands and the crop yield is inevitably 
decreased in these regions. Therefore, improvement of salt tolerance in crop 
plants has become an urgent issue. Using the genetic model plant Arabidopsis 
thaliana as the testing system, this research aimed at cloning and characterizing 
NaCl-inducible genes. 
RNA fingerprinting by arbitrarily primed polymerase chain reaction (RAP-
PCR) was used to identify differentially expressed genes from NaCl-treated and 
control Arabidopsis thaliana (Col-0) seedlings. Among twenty-one RNA 
fingerprints, thirteen putative NaCl inducible RAP-PCR fragments were cloned 
and seven of them were sequenced. Homologous sequence alignments 
identified clones #18-2-16 and #19 as cDNA fragments originated from two 
cytochrome P450 monooxygenase genes, CYP73A5 and CYP83A1, respectively. 
On the other hand, clone #18-1 and #28-1-10 are part of genes encoding a 
putative copper amine oxidase and a putative oxidoreductase, respectively. The 
above four clones are related to redox biochemical reactions. Two clones #52 
and #13-2 may involve in post-transcriptional activities and their corresponding 
genes encode a putative glycine-rich RNA binding protein and a nuclear encoded 
chloroplastic signal recognition particle (54CP) precursor, respectively. Clone 
#18-2-6 encodes part of a hypothetical protein. 
Northem blot analysis showed that the expression of CYP73A5, CYP83A1, 
ii 
and 54CP were higher under light conditions, while the expression of the 
putative glycine-rich RNA binding protein is more prominent in dark. Under 
suitable light and dark treatments, the expression of NaCl inducible genes and 
the concentration of NaCl supplements show a positive correlation in general. 
Moreover, northern blot analyses also reveal variations of response time among 
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1. Literature Review 
1.1 Salinity as a global problem 
In agriculture practices, environmental stresses are major factors that limit crop 
productivity. In plants, stress is defined as any factor that inhibits plant growth. 
Drought, waterlogging, salinity, low mineral nutrients, extremes of pH and 
temperature, heavy metals, etc. are common environmental stresses throughout the 
world. These stresses have caused many social and economic problems, particularly 
in developing countries (Ashraf 1994). Soil salinity is indeed one of the most 
important environmental stresses. It affects more than 40% of irrigated lands, 
including the Mediterranean basin, California and southern Asia (Downton 1984). In 
China, seven millon hectares of agriculture lands were classified as saline lands (Sun 
1987). 
Salinity stress is not a new problem known to human. After examination of the 
historical records of the past 6000 years of civilization by Carter and Dale, they 
concluded that humans have never been able to continue a progressive civilization in 
one location for more than 800 to 2000 years (Carter and Dale 1974). For example, 
Gelburd found that in ancient Mesopotamia around 2400 B.C., the average barley 
yield had declined from 29 bushels per acre to 10 bushels per acre within a 700-year 
period, i.e., an approximately 65% decline over this period (Gelburd 1985). In some 
cases, land can be devastated by salinity within a short time span. In California, 
irrigated agriculture in most areas is less than 100 years old. Among the 21.3 million 
hectares ofarable land, 12.8 million hectares were damaged by salinity by the tum of 
the century. In the rich San Joaquin Valley, 3.5 million hectares out of the total 11 
1 
million hectares are severely affected by salinity by the year of 2000 (Lewis 1984). 
The extent of deterioration of land is not confined. Several Middle East countries, 
Australia, Egypt, Iraq, Iran, Israel, Saudi Arabia and Asian countries all face similar 
problems. The loss in agricultural land caused a dramatic decline in global crop 
production. This raises a severe problem of food security among the escalating world 
population. There is an urgent need for sustainable solutions to ensure adequate food 
supplies. 
1.2 Salinity and agriculture 
Soil salinity arises mainly from two sources, natural and human activities (Ashraf 
1994). Under natural conditions, soil derived from saline parent rocks contains high 
concentration ofsalt which suppresses crop production. Soil near coastal regions may 
receive salt from sea spray or directly affected by seawater as in the mangrove swamps 
of the subtropics and tropics. These areas are unusable for agriculture. However, a 
much more severe problem in agriculture is the increasing salinity caused by man, 
especially in arid and semi-arid regions where crop production is based on irrigation. 
Evaporation and transpiration remove pure water from and leave behind solutes in the 
soil. When the irrigation water contains a high concentration of solutes and when 
there is no opportunity to flush out accumulated salts to a drainage system, salts will 
quickly reach levels that are harmful to salt-sensitive plants. 
There are many kinds of salts present in saline soil, such as magnesium, calcium, 
potassium chloride, sodium chloride, sodium carbonate and sulphates of sodium. But 
the most prevalent salt is sodium chloride (NaCl). Salinity is expressed in various 
units and the interrelationships are shown in Table 1.1. Crop plants are very sensitive 
to NaCl. Maas and Hoffman have categorized crop species into four groups: sensitive, 
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Table 1.1 Different units of salinity measuremenf. 
Electrical 
NaCl molarity NaCl m g . r' NaCl (%) Osmolarity Water potential conductivity 
mmol r' (mM) (p.p.m.) at 25°C (-MPa) (bar) (dS .m. ' ) 
“ ^ 0.006 2 0 ^ 0^ 08 
25 1450 0.14 47 0.11 1.1 2.3 
44 2580 0.26 84 0.21 2.1 4.0 
155 9000 0.90 290 0.72 7.2 14.4 
250 14500 1.45 458 1.14 11.4 22.5 
500 29000 2.90 921 2.28 22.8 45.0 
(sea water) 
'Compiled from data by Wyn and Gorham (Wyn Jones and Gorham 1986), and 
Ravinder and Gopalan (Jain and Selvaraj 1997). Electrical conductivity (EC) is a 
measure of the salt content expressed in decisiemens per meter (dS . m"'). Total 
amounts of dissolved solids (TDS) expressed in mg . 1]. Osmolarity is the molar 
concentration ofall osmotically active particles in a solution. Bar is a common unit of 
water potential and 1 bar = 10^  N . m.〗，(N = newton). Pascal (Pa) is the SI unit ofwater 
potential and 1 Pa = 10"^bar = 1 J . m"^ (J =joule). One mega pascal (MPa) = 10 bar. 
The water potential of pure water is assigned a value of zero Mpa. 
3 
moderately sensitive, moderately tolerant and tolerant (Maas and Hoffman 1977) 
(Table 1.2). Most fruit trees, carrot and onion are in the sensitive group. Their 
threshold salinity level (maximum salinity without yield loss) is below 2.0 dS m"', 
whereas clovers, rice, com, tomato and lettuce belong to the moderately sensitive 
group. Soybean, wheat, cowpea and sorghum are moderately tolerant. Tolerance 
crops include cotton, barley, sugarbeet bermudagrass and tall wheatgrass. Their 
threshold salinity level ranges from 6.9 to 8.0 dS m '. 
Most plants cannot tolerate salinity higher than 50-100 mM NaCl (Downton 
1984). High NaCl concentration imposes at least three types of problems to higher 
plants: 1) osmotic potential outside the plant cells is lower than that inside the plant 
cells, the cells require an osmotic adjustment to avoid desiccation; 2) excessive in Na+ 
disrupted the uptake and transport of nutritional ions such as K+ and Ca�+; 3) Na+ and 
Cr have direct toxic effects on membranes and enzymes (Ashrafl994; Greenway and 
Munns 1980; Munns and Termaat 1986). 
1.3 Plant adaptation to salinity 
Plants have developed a number of adaptations in response to salt stress. These 
adaptations can be classified into mechanisms of avoidance, evasion and tolerance 
(Batanouny 1993). Plants grow in saline regions are halophytic whereas those grow in 
non-saline areas are glycophytic. Barbour defined that plants that can tolerate more 
than 0.5% salinity at any stage of their life are halophytes, whereas non-halophytes are 
sensitive (Barbour 1970). Although higher plants share some similarities in 
mechanisms ofsalt tolerance, some species operate with greater efficiency than others 
and thus are more salt tolerant. Table 1.3 showed some strategies of adaptation to 
salinity stress exhibited by plants. The mechanisms vary from salt exclusion to active 
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Table 11 Degrees of salt tolerance of some important crops®. 
Crop Threshold salinity level 
(EC = dS/m) 
Tolerant crops 
Barley {Hordeum vulgare) g Q 
Cotton {Gossypium Hirsutum) 7.7 
Tall wheatgrass (Agropyron longatum) 7.5 
Sugarbeet {Beta vulgaris) 7.O 
Bermudagrass {Cynodon dactylon) 6.9 
Moderately tolerant crops 
SorarlBarm (Sorghum bicolor) 5 g 
Wheat {Triticum aestivum) 6.0 
Durum wheat {Triticum turgidum) 5 7 
Perennial ryegrass {Lolium perenne) 5 5 
Soybean {Glycine max) 5 Q 
Cowpea {Vigna unguiculata) 4 9 
Moderately sensitive crops 
Rice (Oryza sativa) 3 Q 
Tomato (Lycopersicon lycopersicum) 2 5 
Alfalfa (Medicago sativa) 2 0 
Com (Zea mays) | 7 
Sugarcane (Saccharum officinarum) \ 7 
Berseem clover (Trifolium alexandrinum) \ 5 
White clover (Trifolium repens) j 5 
Red clover (Trifolium pratense) | ^ 
Lettuce (Lactuca sativa) j 3 
Sensitive crops 
Orange (Citrus sinensis) | y 
Peach (Prunus persica) 1 j 
Apricot (Prunus armeniaca) 1 ^ 
Plum (Prunus domestica) j ^ 
Onion (Allium cepa) | 2 
Bean (Phaseolus vulgaris) } Q 
Carrot (Daucus cawta) 1 Q 
'Adopted from M. Ashraf(Ashraf 1994). 
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accumulation of osmolytes in cells. The following sections will discuss some ofthe 
adaptation mechanisms in detail. 
1.3.1 Salt secretion 
Salt secretion is a well known adaptive mechanism for halophytes to regulate the 
salt content oftheir leaves in saline environment. Salt glands and bladders are special 
plant structures for depositing salts on the surface of leaf (Batanouny 1993). Salt 
glands were discovered in various plant species by many scientists in the nineteenth 
century. Thus far, salt glands have been found in 11 plant families: ten dicotyledons 
including 17 genera and 1 monocotyledon, the Gramineae (Liphschitz and Waisel 
1982). The structure of salt glands vary among different species but is similar within 
family. Each gland consists of two cells, a basal cell and a cap cell. The basal cell 
collects saline solution and the cap cell excretes the salt out ofleaves. The rate ofsalt 
secretion is affected by a number of factors including the salt concentration ofgrowth 
medium and the presence of specific ions. Waisel and associates suggested that salt 
secretion contributes to plant adaptation to salinity in two ways: 1) quantitative 
contribution 一 when salt concentration in the leaves reach a threshold level, salt 
secretion will determine the survival of the plant. 2) qualitative contribution — a 
change in Na+/K+ ratio will determine the activity ofseveral key metabolic processes 
(Waisel et al 1986). Salt secretion by bladders was first discovered in 1959. Bladders 
appear in some genera of Chenopodiaceae, including all species ofAtriplex, Obione 
and Halimione, in most species of Chenopodium and some species of Salsola. Salt 
bladders ofChenopodiaceae are highly modified vesicles compose o f a long, narrow 
stalk cell and a balloon-shaped bladder cell projecting above the epidermis (Schirmer 
and Breckle 1982). Saline solution is transferred from the leafmesophyll cells to the 
6 
Table 1.3 Examples of adaptations to salinity stress in plants'. 
Plant feature Function Example 
Deep roots avoid saline layers Pwsopis 
Salt exclusion restrict uptake of toxic ion mangroves; Festuca 
(eg. Na+, Cr) 
Selective ion-uptake maintain higher K+/Na+ ratio amphiploids 
Compartmentation restrict harmful ions in vacuoles halophytes and glycophytes 
Synthesis of compatible provide osmoticum and protection halophytes and glycophytes 
Solutes from excess salts in cytoplasm 
Increase vacuole size and salt dilution by keeping a high succulents 
proportion of intercellular volume to surface ratio 
spaces (eg., thicker leaves) 
Shedding of organs reduce salts in metabolically Plantago; Salicornia 
(eg., older leaves) active parts 
Ion retransIocation through avoid harmful effects on shoots kallar grass 
Phloem to roots 
Salt glands, vesicular secrete excess salt mangroves; grasses; 
bladder hairs reaching the leaves Atriplex spp. 
'Compiled from data in the following references: (Barbour et al 1980)，(Lauchli 
1990)’ (Marschner 1986)，(Munns 1993)，(Noble and Rogers 1992), (Salisbury and 
Ross 1986), (Shannon and Nobel 1990), (Batanouny 1993). 
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bladder cell via the stalk cell. The salt crystallized in the vacuole of the bladder cell 
which eventually bursts and salt is exposed on the leaf surface and washed away by 
rain later. In Atriplex, 80% ofNaCl entering the leaves is excreted via the bladder cells 
(Freitas and Breckle 1992). 
1.3.2 Ion Transport 
1.3.2.1 Role o f H -ATPase in Salt tolerance 
Plasma membrane and vacuolar H+ transporters play important roles in plant 
tolerance to salinity stress. Salt is toxic to plant cells, therefore plants have developed 
different mechanisms to avoid its accumulation in the cytosol. The first response is the 
compartmentation into the vacuole, second is the extrusion out of the cell (Bressan et 
a/. 1998; Niu et al 1995; Serrano 1996). These mechanisms involve secondary 
transport. The electrochemical gradient created by the H+-ATPases through ATP 
hydrolysis and efflux ofH+ is used by the secondary transporters, such as channels and 
carriers to move ions and organic compounds across the membrane (Fig. 1.1) 
(Morosomme and Boutry 2000). 
The major role of plasma membrane H+-ATPase (P-ATPase) is to activate 
secondary transport. The plant P-ATPases are encoded by a multigene family. They 
encode proteins of approximately 100 kDa, with homology to the yeast plasma 
membrane H+-ATPases (PMAs) (DeWitt et al 1996; Sussman 1994). Thus far, ten 
genes have been identified in A. thaliana (Harper et al. 1990; Harper et al. 1994; 
Harper et al 1989; Houlne and Boutry 1994; Pardo and Serrano 1989)，nine genes in N. 
plumbaginifolia (Boutry et al. 1989; Moriau et al. 1993; Moriau et al. 1999; Outfattole 
et al. 2000; Perez et aL 1992), five genes in V.faba, (Hentzen et al 1996; Nakajima et 
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a/. 1995), two genes in 0. sativa (Ookura et al. 1994; Wada et al 1992) and seven 
genes in tomato (Ewing and Bennett 1994; Ewing et al 1990; Mito et al. 1996). The 
full length cDNA clones of plant H+-ATPase can be grouped into two subfamilies 
(Table 1.4) that diverged before the emergence ofmonocot and dicot species (Moriau 
et al. 1993). Other genes selected as genomic clones represent other subfamilies and 
their expressions are more limited. In sunflower，salt stress does not increase the P_ 
ATPase expression (Roldan et al 1991) and even reduces the enzyme activities in 
tomato (Gronwald et al 1990). However, the situation is completely different in the 
halophyte, A. nummularia. Increase in salinity stress during growth increases mRNAs 
level and enzyme activities of the H+-ATPase in roots and expanded leaves (Niu et al 
1993). This property was also shown in tobacco cultured cells. The effect correlates 
with the presence of an Na+-H+ antiporter in that plant. H+-ATPase is induced by NaCl 
when the Na+ extrusion is mediated by an Na+-H+ antiporter but not when a Na+_ 
ATPase is operative (Serrano 1996). 
The vacuolar H"-ATPase (V-ATPase) located at the tonoplast and various other 
components of the endomembrane system of the plant cell. The V-ATPase make up 
6.5-350/0 ofthe total tonoplast protein in different plant species (Fischer-Schliebs et al 
1997). The V-ATPase uses the energy released by the hydrolysis ofATP in the cytosol 
to pump H+ into the vacuolar lumen. Creating an electrochemical H+-gradient driving 
force for the transport of ions and metabolites is the major task for a V-ATPase, same 
as the P-ATPase. A V-ATPase consists ofmany protein subunits. Up to ten different 
subunits were reported for V-ATPase oiA. sativa (Ward and Sze 1992), Hordeum 
vulgare (DuPont and Morrissey 1992) and P. communis (Hosaka et al 1994). 
Sequence information is available only for seven subunits, i.e., subunit A, B, C, D, E， 
G and c (Ratajczak 2000). Analysis on V-ATPase subunits found that all ofthem seem 
to increase in response to salt stress. An increase in subunit A message was detected 
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Fig. 1.1 Primary and secondary transports across the plasma membrane. The 
electrochemical gradient created by H+-ATTase is used by secondary transporters 
(channels and carriers) to move ions and organic compounds across the plasma 
membrane. Adopted from Morsomme and Boutry (Morosomme and Boutry 2000). 
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Table 1.4 H+-ATPase genes of the plasma membrane ofhigher plants characterizeda. 
Subfamily Species Genes References 
I L. esculentum Ihal (Ewinge /a / . 1990) 
N. phumbaginifolia pmal (Pereze/a/ . 1992) 
pma2 {Boutryetal. 1989) 
pma3 (PQTQzetal. 1992) 
0. sativa osal (Wadaefa/ . 1992) 
osa2 (Ookuraefa/. 1994) 
S. tuberosum phal (Harmse/a/ . 1994) 
V. faba vha4 Rassau and Hedrich, unpublished data 
cited in (Morosomme and Boutry 2000) 
Z.mays mhal (Jin and Bennetzen 1994) 
II A.. thaliana ahal (Harpere/a/. 1989) 
aha2 (Harpere/a/. 1990) 
aha3 (Pardo and Serrano 1989) 
L esculentum Iha4 {Mxioetal. 1996) 
N. plumbaginifolia pma4 {Monauetal. 1993) 
R vulgaris bhal (Camposefa/ . 1996) 
S. tuberosum pha2 (Harms et al. 1994) 
V.faba vhal (Nakaj imae ,a / .1995) 
vha3 Rassau and Hedrich, unpublished data 
cited in (Morosomme and Boutry 2000) 
vha5 Rassau and Hedrich, unpublished data 
cited in (Morosomme and Boutry 2000) 
Z may mha2 (FriaseM/. 1996) 
Z. marina zhal (Fukuharae/a/. 1996) 
Others A. thaliana aha9 (Houlne and Boutry 1994) 
ahal (Harpere/a/. 1994) 
N. plumbaginifolia pma5 Arango, unpublished data 
cited in (Morosomme and Boutry 2000) 
pma6 (Outfattole et al. 2000) 
pma 7 (Outfattole et al. 2000) 
pma8 (Outfattole et al. 2000) 
^Compiled from Morsomme and Boutry (Morosomme and Boutry 2000). 
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after salt treatment of intact L esculentum plants (Binzel 1994; Binzel 1995; Binzel 
and Dunlap 1995) In cultured cells of D. carota, after four days treatment with 100 
mM NaCl, the message levels for subunit A and c increased 2-3 folds compared to the 
controls (L6w and Rausch 1996). An increase in A. thaliana subunit c transcript was 
reported by Perera and Sze (Perera et aL 1995). The activity of vacuolar H^-ATPase is 
increased by NaCl treatment in barley roots (Matsumoto and Chung 1988) and tobacco 
cells (Reuveni et aL 1990). The increase in V-ATPase activity is a sum-up activities of 
the enhanced expression of V-ATPase genes (Narasimhan et al. 1991) and the 
enhanced intrinsic activity of the enzyme (Reuveni et aL 1990). All these changes 
made in response to salt stress is via the activation of the vacuolar Na+-H+ antiporter to 
pump Na+ into the vacuole (DuPont 1992). This is a rapid activation which involve 
modification of antiporter proteins and de novo protein synthesis is not required 
(Serrano 1996). Serrano suggested that both the increase of vacuolar H+ gradient 
driving Na+ accumulation and activity of the Na+-H+ antiporter pointing to the 
significant role of vacuolar Na+ accumulation in salt tolerance. This implication is also 
strongly supported by the observation of a much higher antiporter activity of vacuolar 
vesicles in the salt-tolerance R maritima than that in the salt-sensitive Plantago media 
(Staal et aL 1991). A recent unexpected finding showed that, in tonoplast vesicles 
from cultured cells ofD. cawta, salt stress increased H+-transport activity by 60% but 
ATP-hydrolysis activity of the V-ATPase decreased by 20% (L6w and Rausch 1996). 
More or less the same results were found in tonoplast vesicles from H. annuus 
(Ballesteros et aL 1996) and H. vulgare (Mariaux et aL 1997). Salinity increases the 
H+-transport activity but the ATP-hydrolysis activity of the V-ATPase remains 
unchanged (Bemdt and Ratajczak, unpublished; cited in (Morosomme and Boutry 
2000). According to these data, Ratajczak suggested that salinity conditions might 
change the coupling ratio of the V-ATPase (Ratajczak 2000). 
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1.3.2.2 Potassium and sodium uptake 
In most natural environment, plants maintain a high K+ to Na+ ratio in the cytosol 
in a range of 100-200 mM and 1-10 mM respectively (Wegner and De Boer 1997). 
Potassium is the most abundant cation in cytosol and involved in many cellular 
function, such as osmotic regulation, protein synthesis and enzyme activation (Evans 
and Wildes 1971; Leigh and Jones 1984). Plant cells utilize two systems to uptake K+ 
from the extracellular medium. A low-affinity system active in the millimolar range of 
external K+ and ahigh-affinity system function in the micromolar range. 
Low-affmity K+ uptake involved inward-rectifying K+ channels. The first two 
plant K+ transporters, KAT1 (Anderson et al. 1992) and AKT1 (Sentenac et al. 1992) 
were cloned from A. thaliana cDNA libraries by functional complementation of yeast 
mutants lacking endogenous K+transporters. KAT1 and AKT1 channels, similar to the 
Shaker channels in animals, are highly homologous near the N-terminus which 
contains a highly-conserved K+-selective pore region and a voltage-sensing region. 
KAT1 expresses predominantly in leaf tissue, in leaf guard cells and vascular tissue of 
stem and root (Nakamura et al. 1995). KAT1 has been proposed as a mechanism of 
low-affmity uptake into guard cells. AKT1 expressed in roots and may compose of 
important component that involved in root K^uptake (Hille 1992; Hirsch et al. 1998). 
Inward-rectifying K+channels exhibit a high permeability for K+,modest permeability 
for Rb+, and relatively low permeability for Na+，Cs+ and Li+ (Schachtman et al. 1992). 
Nevertheless, these K+ channels are not highly selective against Na+ and there is no 
evidence to show their specific regulation under salt stress (Bertl et aL 1995) and thus 
they may play a minor role in salinity tolerance (Bohnert et aL 1999). 
High-affinity K+ transporters, such as HKT1, are active in the condition of K+ 
starvation (Wang et aL 1998). HKTl is a cDNA from wheat, it encodes a 58.9 kDa 
13 
membrane protein of 534 amino acids (Schachtman and Schroeder 1994). It behaves 
as a K+-Na+ symporter at micromolar Na+，but as a Na+ transporter at millimolar Na+ 
concentrations (Gassmann et al. 1996; Rubio et al. 1995). It expresses both in roots 
and leaves at which K+ uptake is likely to occur and is responsible for the high-affinity 
K+ uptake in plants (Schachtman and Schroeder 1994). Later, two open reading 
frames obtained from the^. thaliana genome sequencing project called AtHKTl and 
AtHKT2 (accession numbers AAC62807 and CAB39784) were found to have high 
homology with the wheat HKT1 (Rodrlguez-Navarro 2000). Rubio and associates 
show that HKT1 stimulates K+ transport in low Na+ concentration conditions but high 
external Na+ concentrations inhibit the influx ofK+ into oocytes (Rubio et al. 1995). 
This suggestes that under high external Na+ concentrations, HKT1 can provide an 
important pathway for Na+ influx into plant cells. Increased K+ selectivity over Na+ in 
point mutations of the sixth putative transmembrane domain ofHKTl was reported to 
increase sodium tolerance. The second evidence for the involvement of the high-
affinity K+ uptake system in salt tolerance came from the study of salt-sensitive 
mutants. The sosl mutant of A. thaliana, which is hypersensitive to Na+ and Li+，is 
unable to grow in a condition of low K+ (Wu et al. 1996). The expression of wheat 
Hktl in sosl mutant plants alleviates the salt-sensitive phenotype (Schroeder, Zhu, 
unpublished). Consistent with the above, when two rice varieties were placed in a 
condition with the presence of high NaCl, the salt-sensitive variety maintained a high 
expression of HKT1, while the salt tolerance variety decreased the expression of 
HKT1 in root and excluded Na^ efficiently (Golldack et al. 1997; Golldack et aL 
1998). 
The influx ofNa+into cells can be mediated by outward-rectifying ion channnels. 
These channels open during the depolarization of the plasma membrane and mediate 
the efflux of K^and the influx of Na^ (Blumwald et aL 2000). Using the conserved 
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amino acid sequence in the P-domain of channels as a distinctive sequence, two genes 
were cloned. The S. cerevisiae T0K1 gene (Ketchum et al. 1995) and an A. thaliana 
KCOl (Czempinski et al. 1997) both encode outward-rectifying K^ channels but show 
low degree of homology. These two channels belong to the same family of two-pore 
K+ channels and both mediate an outward current under depolarizing conditions. The 
exposure of wheat roots to high NaCl concentrations induces the depolarization of the 
root plasma membranes (Schachtman et al. 1991). This depolarization activates the 
outward rectifying K+ channels and thus Na+ can diffuse into the cells down the 
electrochemical gradient. 
1.3.2.3 Sodium efflux 
The extrusion of Na+ ions from the cell occurs via Na+-pumping ATPase or 
Na+/H+ antiport mechanisms (Hayashi and Murata 1998). Movement of the Na+ ions 
across the membrane is an active process since it is against the electrochemical 
potential. The H+-ATPase uses the energy from ATP hydrolysis to pump H+ out of the 
cells. The electrochemical H+ gradient generated by the H+-ATPase allows the 
operation ofNa+/H+ antiporters (Blumwald et al 2000). The downhill movement of 
H+ into the cell along its electrochemical gradient facilitates an extrusion of Na+ 
against its electrochemical gradient. Yeast and bacteria have been popular model 
systems to study the sodium extrusion (Yeo 1998). Recent evident suggests that the 
mechanisms of Na+ detoxification in yeast is quite similar to those in plants, 
particularly in the roles of calcium-dependent signal transduction in Na+ transport, 
stress response to salinity and comparison of putative Na+/H+ antiporter clones from 
yeast and plants (Apse et al. 1998; Gaxiola et al 1999; Nass et al 1997). 
Understanding the mechanisms of Na+ transport thus sheds light to the 
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characterization of such mechanisms in plants (Blumwald et al. 2000). 
Two different genetic approaches have been employed in the identification ofNa+ 
efflux system in yeast. In S. cerevisiae, A Li+ and Na+ hypersensitivity natural strain 
was transformed with a genomic plasmid library of a normal tolerance strain (Haro et 
al. 1991). A clone, ENA1 (equivalent to PMR2) encodes the P-type ATPase was 
found to confer tolerance to Li+ and Na+ and enhanced efflux of these two cations. 
ENA1 is the first of a tandem array of four similar genes (ENAl-ENA4). Among the 
four genes, ENA1 is the most highly expressed gene in response to salt stress in yeast 
(Garciadeblas et al. 1993). ENA1 is regulated by calcineurin and the gene products of 
HAL1 and HAL3. Calcineurin is a calcium-dependent protein phosphatase. 
Expression of ENA1 under both basal and induced conditions is dependent on the 
protein phosphatase calcineurin (Mendoza et al. 1994). The addition of calcineurin 
inhibitors and the disruption of the calcineurin gene reduce salt tolerance and Na+ 
efflux in yeast (Nakamura et al. 1993). HAL1 was isolated in 1992 by Gaxiola and 
associates (Gaxiola et al. 1992). By coordinating sodium extrusion and potassium 
transport, HAL1 improves salt tolerance of S. cerevisiae by increasing intracellular 
potassium and decreasing intracellular sodium (Rios et al. 1997). However, the 
coordination also involves osmolyte synthesis. Overexpression of HAL1 did not 
increase salt tolerance in a galactose medium. In this condition, the tolerance was 
limited by osmotic adjustment. This is because the synthesis of glycerol, a normal 
osmolyte is inhibited (Rios et al. 1997). Transgenic //^I7-positive melon showed a 
higher level of tolerance than control //.4L7-negative melon (Bordas et al. 1997). 
HAL3 encoding a regulatory protein (Hal3p) in S. cerevisiae was shown to influence 
ENA1 expression (Ferrando et al. 1995). Overexpression ofHAL3 increases both salt 
tolerance and ENA1 expression, and vice versa. Hal3p contains an essential acidic 
domain rich in aspartate at the carboxyl terminus (Rodriguez et al. 1996) but 
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mechanism of the protein function is unknown. 
The second approach was to identify Na+ efflux system by using the 
nitroguanidine-generated mutants of S. pombe. Mutants with enhanced tolerance to 
Li+ have been isolated. These mutants exhibit enhanced Li+ and Na+ efflux and contain 
an amplified locus (sod2) (Jia et aL 1992). SOD2 has a homologue Z-SOD2 in salt-
tolerant Z. rouxii. Disruption of sod2 resulted in salt sensitivity. However, Z-SOD2 
expression is independent of NaCl-shock. It is not clear why two related yeasts have 
completely different mechanisms for sodium efflux (Serrano 1996). 
In plant cells, NaVH+ antiporter is located both in the plasma membrane and the 
tonoplast. When plants are grown under saline conditions, the activity of plasma 
membrane and tonoplast antiporters increase. As a result, Na+ in the cytoplasm is 
maintained at a low level. Similar plasma membrane Na+/H+ antiporters have been 
found in algae and various plant species (Table 1.5). In D. salina (Katz et al 1992) 
and the halophyte A. nummularia (Hassidim et aL 1990)，the plasma membrane 
Na+/H+ antiporter activity increases when the external NaCl concentration increases. 
In Atriplex, a correlation between the Na+/H+ antiporter and the plasma membrane 
H+-ATPase activities was also observed. An increase in the antiporter activity is 
correlated with an increase in the H+-ATPase activity (Braun et al. 1986). A 
comparison of NaCl effects on plasma membrane H+-ATPase activities from a 
glycophytic {Lycopersicon esculentum) and a halophytic {Lycopersicon cheesmanii) 
tomato species showed that both displayed a NaCl-dependent increase in their plasma 
membrane H+-ATPase activities. Blumwald and associates hypothesizes that the 
extrusion of Na+ from the cell via a plasma membrane Na7H+ antiporter needs an 
enhanced energy source via an increased H+ extrusion by the plasma membrane H+-
ATPase (Blumwald et al. 2000). Fig. 1.2 summarized the transport proteins involved 
in plant under salt stress. 
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Fig. 1.2 Transport proteins related to plant salinity stress tolerance. Transmembrane 
proton gradients established by proton-ATPases and pyrophosphatase are indicated 
(+/-). Under NaCl stress, Na+ and C1' are sequestered to the vacuole, whereas K+ and 
osmolytes are present in high concentrations in the cytosol. Symbols for several 
membrane-located transporters and channels are identified by the ion or proton 
transported and by the direction of movement. Function of pyrophosphatase under salt 
stress conditions is unclear and Na+/H+-antiporter in the plasma membrane has not 
been detected. Adopted from Bohnert and colleagues (Blumwald et al. 2000). 
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Table 1.5 Na+/H+ antiporter activity measured in fungi, algae and plantsa. 
Organism Location in cell References 
Sacchawmyces cerevisiae Plasma membrane (Banuelos et al. 1998; Prior et al. 
1996) 
Sacchawmyces cerevisiae Mitochondriay'prevacuole (Apse et al. 1998; Watanabe et aL 
1995) 
Schizosacchawmyces pombe Plasma membrane (Jia et aL 1992) 
Zygosaccharomyces rouxii Plasma membrane (Watanabe et al. 1995) 
Atriplex gmelini Microsomes (Matoh etal. 1989) 
Tobacco Plasma membrane (Watade/fl/. 1986) 
Blue-green algae Plasma membrane (Blumwalde/a/ . 1984) 
Dunaliella salina Plasma membrane (Katze /a / . 1992) 
Chara Plasma membrane (Clint and MacRobbie 1987; Kiegle 
and Bisson 1996) 
Atriplex nummularia Plasma membrane (Hassidime/a/ . 1990) 
Red beet Plasma membrane (Jacoby 1990) 
Barley Plasma membrane (Ratner 1976) 
Tomato Plasma membrane (Wilson and Shannon 1995) 
Com Plasma membrane (SpicketteM/. 1993) 
Red beet Tonoplast (Blumwald and Poole 1985; 
Niemietz and Willenbrink 1985) 
Barley Tonoplast (Fan et al. 1989; Garbarino and 
DuPont 1988) 
Catharantheus wseus Tonoplast ( G u e m e / a / . 1989) 
Plantago maritima Tonoplast (Staal etal. 1991) 
Messembryanthemum crystallinum Tonoplast (Barklae^a/. 1995) 
Sunflower Tonoplast (Ballesterose^a/. 1996) 
Ambidopsis thaliana Tonoplast ( A p s e e / a / . 1999) 
^Compiled from the review paper ofBlumwald, Aharon and Apse (Blumwald et aL 
2000). 
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1.3.3 Osmotic adjustment 
When exposed to salt and drought stresses, osmotic adjustment is the most 
fundamental adaptation employed by all organisms. This is brought about by 
accumulating specific types of intracellular solutes: osmolytes (Gorham 1995; 
Hellebust 1976; Jefferies 1981; Wyn Jones and Gorham 1983). In the very beginning 
of the osmotic adjustment, inorganic ions are accumulated. When the inorganic ions 
approach toxic levels, organic solutes will accumulate in the cytoplasm (Jain and 
Selvaraj 1997). In plants, organic solutes aid osmotic adjustment by balancing the 
intracellular water potential difference created by the compartmentation of the 
inorganic ions into the vacuole (Wyn Jones et aL 1977). Moreover, the organic solutes 
are also involved in the protection of enzymatic activities (Hayashi and Murata 1998). 
Both glycophytes and halophytes synthesize different types of organic solutes. 
However, the ability is more pronounced in halophytes, and it is suggested to be one of 
the basic for salt tolerance in halophytes (Jefferies 1981). The term "compatibility" 
was introduced by Brown and Simpson in 1972 to describe organic solutes including 
sugars (sucrose, trehalose, etc.), polyols (mannitol, inositol, glycerol, etc.), amino 
acids (proline, glutamate) and quaternary ammonium compounds (glycinebetaine, 
prolinebetaine, etc.) (Rhodes and Hanson 1993). These compounds are compatible 
since they are not toxic to plant cells. They can accumulate to high concentrations 
without disrupting the normal physiological functions (Borowitzka and Brown 1974; 
Hayashi and Murata 1998). In contrast, inorganic solutes may become toxic and are 
known as perturbing solutes (Wyn Jones and Gorham 1983). At present, the metabolic 
pathways of many common compatible solutes are well characterized and the genes 
for key enzymes in the pathways are known. The production of compatible solutes by 
introducing genes, for the key enzymes in the synthetic pathway is one of the most 
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practical approach to enhance salt tolerance in plants (Hayashi and Murata 1998). 
After the first stable introduction ofheterologous genes into plants (Fraley et al. 1983; 
Herrera-Estrella et aL 1984), over 100 plant species have been successfully 
transformed. This provide us a useful technology for molecular genetic manipulation 
of osmolyte biosynthesis (Jain and Selvaraj 1997). Some of the common osmolytes 
accumulated in plants are discussed below and the characteristics of transgenic plants 
are summarized in Table 1.6. 
1.3.3.1 Accumulation of mannitol 
Mannitol, a polyol, is a common cell osmolyte and is found to accumulate under 
salinity stress in a number of bacteria, unicellular algae and certain halo-tolerance 
plants (Yancey et aL 1982). Accumulation of mannitol in higher plants enhance salt 
tolerance was first proven by overexpression of the E. coli mtlD gene which allows 
mannitol synthesis (Tarczynshi et aL 1993). When the E. coli mtlD gene encoding 
mannitol-1 -phosphate dehydrogenase was ligated to the Cauliflower Mosaic Vims 
35S promoter and introduced into tobacco, the transformed tobacco accumulated 
mannitol up to 6 ^imol/g fresh weight under normal conditions. Under 100-300 mM 
NaCl, the transformed tobacco showed enhanced leaf and root production, reduced 
fresh weight loss and better height gain than the control plants. This indicates that 
accumulation of mannitol enhances the salt tolerance in transformed tobacco. In 
transformed A. thaliana with the same gene, seeds of the transformed plants could 
germinate in a medium containing 400 mM NaCl, but ceased at 100 mM NaCl for 
seeds from control plants. As a conclusion, mannitol enhanced salinity tolerance in 
transgenic tobacco and Arabidopsis, although the enhanced tolerance was observed at 
a limited stage of growth (Hayashi and Murata 1998). 
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Table 1.6 Molecular genetic modification of salt tolerance in plants by expressing 
osmolyte biosynthesis genes a. 
Osmolyte Transgene Transformed Stress Responses of transgenic Reference 
and source species condition plants 
Mannitol mtl D (E. coli) tobacco 0.25 M NaCl increase in height and (Tarczynshi et al. 
fresh weight; formation 1993) 
of new root, leaves 
and flowers 
mtl D (E. coli) Arabidopsis 0.4 M NaCl increaseseedgermination (Thomas 1995) 
Proline P5CS tobacco 0.5 M NaCl increase in root length (Kavi Kishor et al 
(mothbean) and root dry weight, 1995) 
capsule and seed number 
glycine codA Arabidopsis 0.1 M NaCl seedlings remain green (Hayashi and 
betaine (A. globiformis) after 20 days; flowers Murata 1998) 
& leaves undamaged 
Arabidopsis 0.4 M NaCl In light: remain 50% of (Hayashi and 
photosystem II activity Murata 1998) 
In dark: slow down 
the inactivation of 
Photosystem II 
'Compiled from Jain and Selvaraj (Jain and Selvaraj 1997), Hayashi and Murata 
(Hayashi and Murata 1998).m" D, mannitol-1 -dehydrognease; P5CS, A'-pyrroline-
5-carboxylate synthetase; codA, choline oxidase 
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1.3.3.2 Accumulation of proline 
Accumulation of proline, an amino acid, has been found in many bacteria, algae 
and higher plants in response to drought and salt stress (Csonka and Hanson 1991; 
Delauney and Verma 1993; Schobert 1977). Proline regulates the accumulation of 
nitrogen and is easily converted into glutamate. This conversion is very important for 
the synthesis of other essential amino acids (Wyn Jones 1981). Thus, proline under 
salt stress can act as both an osmoprotectant and a nitrogen reserve (Rains 1981). In E. 
coli’ proline is synthesized from glutamate. In animals and higher plants, proline is 
synthesized both from glutamate and ornithine (Delauney and Verma 1993). Under 
normal condition, proline is synthesized from ornithine. Under stress condition, 
proline is synthesized from glutamate via A'-pyrroline-5-carboxylate (P5C) (Delauney 
et al 1993; Rhodes et al. 1986). A cDNA encoding P5C synthetase from mothbean 
was introduced into tobacco under the control of a constitutive promoter. The 
differences in four parameters (root length, root dry weight, capsule number and seed 
number) were compared between control and transformed plants. When grown under 
salinity stress conditions, the roots of the transformed plants were 40% longer and had 
2-fold greater biomass, the number of capsules and seeds per capsule also doubled 
(Kavi Kishor et al. 1995). These results indicate that proline accumulation in 
transformed plants enhances salt tolerance in tobacco by increasing biomass 
production and facilitating flower development (Hayashi and Murata 1998). 
1.3.3.3 Accumulation of glycinebetaine 
Glycinebetaine, a quaternary ammonium compound, is widely distributed in 
higher plants and bacteria (Csonka 1989; McCue and Hanson 1990; Yancey et al. 1982) 
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but is absent from many crop species, such as rice (Flowers et al. 1986). At high 
concentrations of NaCl, glycinebetaine stabilizes 1) the quaternary structure of 
complex proteins; 2) the oxygen-evolving photosystem II complex and Rubisco (by 
protecting against the dissociation of regulatory extrinsic proteins); 3) the managnese 
cluster (Yancey 1994). This implies that glycinebetaine is directly beneficial to the 
stability of macromolecules (Yeo 1998). Hayashi and Murata concluded that it is one 
of the most powerful compatible solutes for the enhancement of salinity and drought 
tolerance in higher plants (Hayashi and Murata 1998). 
In E. coli and several taxonomically distant plants, glycinebetaine is synthesized 
by oxidizing choline to glycinebetaine aldehyde using choline dehydrogenase and then 
converted to glycinebetaine using glycinebetaine aldehyde dehydrogenase (Hanson et 
al. 1985). \nA. globiformis, a soil bacterium, choline oxidase catalyzes the conversion 
ofcholine into glycinebetaine in one step (Ikuta et al. 1977). The codA gene encoding 
choline oxidase from A. globiformis was transformed into A. thaliana to test the 
enhancement of stress tolerance in higher plants by glycinebetaine accumulation 
(Hayashi and Murata 1998). The transformed plants remained green and continued to 
grow after 20 days in 100 mM NaCl medium, but the wild-type plants ceased to grow 
after 10 days and leaves tumed white. When plants grown in normal medium were 
transferred to same medium with 200 mM NaCl, the leaves and flowers of the wild-
type plants tumed white and the plants died. The transformed plants survived with 
undamaged leaves and flowers. These results showed that the transformed plants had 
an enhanced ability to grow under salinity conditions. The effect of salt stress on the 
activity of photosystem II of mature leaves was also examined. After plants grown in 
control medium were transferred to medium that contained 400 mM NaCl and allowed 
to grow in the light for 2 days, the activity of photosystem II of the wild-type plants 
had almost disappeared but that of the transformed plants retained 50% of the original 
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activity. The above observations indicate that plants transformed with codA gene 
accumulate glycinebetaine and salt tolerance is enhanced accordingly. 
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2. Materials and Methods 
2.1 Plant materials and growth conditions 
In this experiment, A. thaliana ecotype Columbia-0 (Col-Oj was used as a model 
plant for study. It is a tiny mustard with a small genome, a short generation time and 
can be grown in confined laboratory environments. During the past decade, it has been 
widely used for studies of a broad range ofbiological questions, such as metabolism, 
genetics, and environmental adaptation. Most genetic and molecular tools (such as 
mutants, gene libraries) were also available (Price et aL 1994). 
2.1.1 Surface sterilization ofArabidopsis seeds 
Seeds ofA. thaliana were put into microfuge tubes and were surface sterilized by 
1 ml 100% chlorox for 3 min with shaking and vortexing. The seeds were centrifuged 
briefly before chlorox was removed and 1 ml of sterile water was added. After 
vortexing, the seeds were spun down and the washing steps were repeated for two 
more times with sterile water. A few drops of water was then added to the seeds, and 
35-40 seeds were sown on a square petri plate containing Murashige & Skoog salt 
mixture, (Gibco-BRL) 3% sucrose and 0.9% agar (Difco) (This medium formula is 
referred as MS hereafter), seeds were aligned in a horizontal line about 3 cm from the 
top. All procedures were performed in a laminar hood. 
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2.1.2 Determination of sub-lethaI inhibitory doses of sodium 
The seeds, after surface sterilization, were sown onto different medium: MS agar 
plates supplemented with 0 mM, 15 mM，30 mM, 60 mM, 120 mM, and 240 mM 
Sodium Chloride (NaCl). The plates were then sealed with parafilm and imbibed in 
dark in a 4°C refrigerator ovemight. 
After the 4 � C incubation, the plates were transferred to a 22 °C culture room with 
a light-dark cycle of 16hr light and 8 hr dark (The regime is refferred as a regular 
light-dark cycle hereafter). The seeds were allowed to germinate and grow for 8 days. 
The root length of each individual plant was measured by a ruler and recorded. It was 
used as a parameter of growth and the data of root length at different medium were 
analyzed by means of Analysis of Variance. 
2.1.3 Growth conditions ofArabidopsis seeds for total RNA extraction 
The surface sterilized seeds were sown on MS agar. The seeds were incubated at 
4 °C for two days and then grown at 22 °C in an environmental controlled growth 
chamber with a regular light-dark cycle (16 hr light: 8 hr dark) for two weeks. Two-
week-old seedlings were transferred to MS agar with or without salt supplements: 0 
mM, 40 mM and 80 mM NaCl supplements and grown for another two days. The 
seedlings were harvested by wrapping with aluminum foil and immediately frozen in 
liquid nitrogen. Plants grew in this growth condition were used in later experiments 
unless stated the otherwise. 
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2.1.4 NaCl dosage tests 
NaCl dosage test three-week-old seedlings grown at 22°C under a light-dark 
cycle (16 hr light: 8 hr dark) were pre-treated in continuous light or continuous darks 
for 24 hr before transferred to different NaCl supplements (0, 20, 40, 60, 80，150 
mM). The plants were then allowed to grow under the same light or dark treatment for 
another 48 hr before harvesting. 
2.1.5 Expression kinetic tests 
The expression kinetic experiment test three-week-old seedlings grown at 22°C 
under a light-dark cycle (16 hr light: 8 hr dark) were pre-treated in continuous light or 
continuous dark for 24 hr before transferred to 0，40, 80 mM NaCl for different time 
durations (4, 16，24，48 hr) under the same light or dark treatment. 
2.2 Isolation oftotal RNAs 
Total RNAs f rom Arabidopsis seedl ings t reated with d i f fe ren t NaCl 
supplements (0 mM, 40 mM, 80 mM) were isolated by a modified 
phenol:chloroform:isoamyalcohol (25:24:1) (P:C:I) extraction procedure (Ausubel et 
al. 1995). The sample was pulverized with a pre-cooled mortar and pestle in liquid 
nitrogen. Five ml/g tissue of extraction buffer (200 mM Tris base, 400 mM KC1, 200 
mM sucrose, 35 mM MgCl2.6H2O, 25 mM EGTA, pH 9.0) and on equal amount of 
P:C:I were added. The samples were mixed before being transferred to a 50 ml Falcon 
tube. The mixture was shaken vigorously and then centrifuged at 5000 rpm (roter 
F34-6-38: Centrifuge 5810R, Eppendorf) for 5 min. The upper phase was transferred 
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to a new 50 ml falcon tube and extracted again with one volume ofP:C:I. The upper 
phase was then transferred to a new falcon tube and one volume of 
chloroform:isoamyalcohol (24:1) was added. The mixture was shaken vigorously 
again and centrifuged at 5000 rpm (roter F34-6-38: Centrifuge 5810R, Eppendorf) for 
5 min. The upper phase was stored at -20°C ovemight after adding 1/10 volume o f3 
M sodium acetate (NaOAc), pH 5.2 and 2 volume of absolute ethanol (100% EtOH). 
A pellet was formed after centrifuging at 5000 rpm (roter F34-6-38: Centrifuge 5810R, 
Eppendorf) for 20 min. The pellet was resuspended in 1 ml of 3 M NaOAc, pH 5.6. 
The whole mixture was transferred to a microfuge tube and centrifuged at 14000 rpm 
(roter F34-6-38: Centrifuge 5810R, Eppendorf) for 10 min. The pellet was 
resuspended in 1 ml of3 M NaOAc, pH 5.6 and centrifuged again to retain pellet. The 
resulting pellet was resuspended in 0.4 ml of 0.3 M NaOAC, pH 5.6 before 
precipitating in 1 ml of 100% EtOH. The mixture was stored at -20°C ovemight. 
After centrifugation at 14000 rpm (roter F34-6-38: Centrifuge 5810R, Eppendorf) for 
20 min, the pellet (RNA) was air-dried or vacuum dried in a SpeedVac for about 5 min 
and redissolved in DEPC-treated water. The RNA samples were stored at -80 °C until 
use. 
Quality and quantity of the RNA samples were monitored by spectrophotometric 
measurements (at optical density 260 nm and 280 nm). To remove residue DNA from 
the RNA samples, 30 i^g RNA, 1 U RQ1 Rnase-Free DNase (promega), 2 i^l 
5xtranscription buffer (200 mM Tris-HCl, pH 7.9, 50 mM NaCl, 50 mM CaCl:，30 
mM MgCl2) were added into a microfuge tube. DEPC-treated water was added to 
obatin a final volume of 29 i^l. After incubation at 37 °C for 20 min, RQ1 DNase was 
inactivated by adding 1 |il of 20 mM disodium ethylenediamine-tetraacetate (EDTA), 
pH 8.0 and heating at 65 °C for 15 min. 
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2.3 Isolation of genes differentially expressed in NaCl concentration 
by RAP-PCR 
2.3.1 RNA fingerprinting by RAP-PCR 
RNA arbitrarily primed polymerase chain reaction (RAP-PCR) was performed as 
described previously (Welsh et al. 1992), using a commercial kit (Stratagene). For 
each reaction, 12 ^1 ofDEPC-treated water, 0.8 i^M RAP-PCR primer, 1 ^1 RNA (1 
Mg/^ il) were incubated at 70°C for 10 min and then chilled on ice. Two 2 ^1 oflOxfirst 
strand buffer (500 mM Tris-HCl, pH 8.3，750 mM KC1, 30 mM MgCl:)，10 mM 
dithiothreitol (DTT), 0.5 mM each ofthe dNTP (dATP, dTTP, dGTP, and dCTP), were 
added to the mixture and incubated at 37°C for 1 min. Finally, 50 U ofMolony murine 
leukemia virus reverse transcriptase (MMLV-RT; Strategene) (50 U/^il) was added. 
First strand cDNA was synthesized at 37°C for 1 hr. Then the reaction mixture was 
then heated to 72°C for 15 min to inactivate the reverse transcriptase. Seven RAP-
PCR primers were chosen (Al, A2, A3, A5, B1, B2, B5) for each set ofreaction and 
RT negative control was performed for each set of reaction. For subsequent PCR, 
reactions, 30 i^l of reaction mixture containing 3 i^l of lOxthermophilic DNA 
polymerase buffer (10 mM Tris-HCl pH 9.0, 50 mM KC1, 0.1% Triton X-100), 2.5 
mM MgCl2, 0.1 mM each of dNTPs, 0.8 i^M of the same arbitrarily chosen primer and 
1.5 U of Taq DNA polymerase (Promega) were added to 2 i^l first strand cDNA. The 
thermal cycling parameters were as follows: 1 low stringency cycle (94 °C for 1 min, 
3 6 � C for 5 min, 7 2 � C for 5 min) 40 high stringency cycles (94�C for 1 min, 50�C for 1 
min, 7 2 � C f o r 2 m i n ) . 
Four i^l of RAP-PCR products from Arabidopsis seedlings grown in different 
NaCl concentrations: 0 mM, 40 mM, 80 mM were loaded on a rehydrated 
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polyacrylamide gel (GeneGel Clean 15/24 Kit; Pharmacia Biotech) and run at 500 
volts for 1 hr on a GenePhor Electrophoresis Unit (Pharmacia Biotech) keeping 
temperature at 15°C. The gel was automated staining in an Automated Gelstainer 
herefby using a DNA Silver Staining Kit (Pharmacia Biotech). 
2.3.2 PCR reamplification ofRAP-PCR products 
Differential bands were cut from the gel using a razor blade, and the DNA was 
soaked in 20 i^l double distilled water (ddH2O) and heated at 65 °C for 30 min. A 5 ^1 
aliquot was used as PCR template and amplified in 50 \x\ reaction mixture with the 
same primer that generated the original RNA fingerprint. The size of the reamplified 
PCR product was estimated using appropriate molecular weight makers. 
PCR was performed in 50 i^l volume containing 5 i^l template, 1 ^ il 25 fiM primer, 
5 i^l of 10x thermophilic DNA polymerase buffer (10 mM Tris-HCl pH 9.0, 50 mM 
KC1, 0.1% Triton X-100), 5 i^l of25 mM MgCl2,O.5 i^l ofdNTPs (each 10 mM), 0.25 
i^l of Taq DNA polymerase (5 U/^il, Promega), and 33.25 i^l ddHjO. The 50 |il 
reaction mixture was added to a 0.2 ml PCR tube and placed on a thermal cycler's 
heating block. The reaction was first incubated at 94 °C for 5 min, followed by 35 
cycles of: 94°C for 30 sec., 53 V for 30 sec., 7 2 V for 2 min. The PCR was finished 
with a 10-min incubation at 72 °C. Five |il of the PCR product was electrophoresed on 
a 2% agarose gel in lxTris-acetate-EDTA buffer (TAE) (0.04 M Tris-acetate, 0.001 M 
EDTA, pH 8.0) for analysis. 
For cloning using pCR-Script™ Amp SK(+) vector (Stratagene) (Fig. 2.1), 
blunt-end PCR products were produced by reamplifing PCR products in 50 i^l reaction 
mixture containing 1 t^l template, 1 i^l 25 i^M primer, 5 i^l of lOxreaction buffer IV 
(200 mM (NH4)2SO4, 750 mM Tris-HCl, pH 9.0，0.1% (w/v) Tween 20, 15 mM 
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Fig. 2.1 Map ofthe pCR-Script™ Amp SK (+) cloning vector (Stratagene) 
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MgCy, 3 i^l of25 mM MgCl2, 1 ^ il ofdNTPs (each 200 ^iM), 0.7 i^l of Thermoprime 
Plus DNA polymerase (Advanced Biotechnologies, 5 U/^il), and 38.3 i^l ddH2O. The 
reaction was first incubated at 94°C for 5 min, followed by 35 cycles: 94°C for 30 sec., 
53 °C for 30 sec., 72°C for 2 min. The PCR was completed with a 10-min incubation at 
72°C. 
For cloning using pBluescript II KS (+) T-vector (Fig. 2.2), the PCR products 
were reamplified in 30 ^1 reaction mixture containing 3 ^1 template, 1 ^1 25 i^M 
primer, 3 i^l of lOxPCR buffer (200 mM Tris-HCl, 500 mM KC1, pH 8.3), 0.6 ^1 of25 
mM MgCl2,O.6 i^l ofdNTPs (each 200 ^iM), 0.6 ^1 ofTaq DNA polymerase (1 U/^1, 
Boehringer), and 21.2 ^1 ddHjO. The reaction was first incubated at 94°C for 5 min, 
followed by 35 cycles of: 94�C for 30 sec., 53�C for 30 sec., 72�C for 2 min. The PCR 
was finished with a 10-min incubation at 72°C. 
The PCR products were electrophoresed on a 2% agarose gel in 1 x TAE and then 
the DNA fragments were excised from the gel under UV light illumination and 
purified using the Gene Clean II kit (BIO 101). Finally, the purified DNA was eluted 
in 20 i^l T,/,oE buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM N~EDTA) and stored at -20 
°C until use. 
2.3.3 Cloning of differentially expressed genes 
2.3.3.1 Ligation of inserts into pCR-Script vector and transformation 
I. Ligation of inserts into pCR-Script vector 
The pCR-Scritp™ Amp SK (+) cloning kit (Stratagene) was used to clone some 
of the RAP-PCR products. Figure 2.1 shows the map ofthe pCR-Scritp™ Amp SK 
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(+) cloning vector. All reaction components were supplied by the Kit unless otherwise 
specified. PCR product was ligated into Srf\ site of the vector using the following 
reaction: 1 i^l pCR-script cloning vector(10 ng/^il), 1 ^ il pCR-script lOxreaction buffer, 
0.5 i^l 10 mM rATP, 4 i^l purified blunt-end PCR product from 2.3.2，1 i^l Srf\ 
restriction enzyme (5 U/^1), 1 i^l T4 DNA ligase, and 1.5 ^1 double distilled water 
were added in order into an eppendorf tube to a final volume of 10 ^il. The reaction 
mixture was mixed gently and incubated for 1 hr at room temperature, before heated at 
65°C for 10 min and stored on ice. 
II. Transformation 
The Epicurian Coli XLl-Blue MRF' Kan supercompetent cells (CaCl2 treated) 
were thawed on ice and gently mixed by tapping the tube. Forty i^l of cells was 
aliquoted into the 10 |il ligation mix from 2.3.3.1 (I) and swirled gently, placed on ice 
for 30 min, followed by a heat pulse in a 42 °C heat block for 2 min. After the heat 
pulse, the transformation mixture was placed back on ice for 2 min. 0.5 ml of Luria 
Bertani (LB) broth, (0.01% Bacto Tryptone, 0.005% Bacto Yeast Extract, 0.01% NaCl) 
was added and the cells were incubated at 37°C for 1 hr with shaking at 225-250 rpm 
(roter F34-6-38: Centrifuge 5810R, Eppendorf). The transformation mixture was 
spread on LB agar plates containing 100 pg/ml of ampicillin with 800 ^g of 5-
bromo-4-chloro-3-indolyl-P-D-glalactoside (X-gal) and 800 i^g isopropyl P_D-
thiogalactopyanside (IPTG) spread on agar surface. White colonies were identified as 
successful transformants after incubation at 37°C ovemight. 
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2.3.3.2 Ligation of inserts into pBluescript II KS (+) T-vector and transformation 
I. pBluescript II KS (+) T-vector preparation 
A 20 i^l reaction mixture containing 1 t^l vector (3.4 ^ig/|al), 2 i^l EcoRV (10 U/^il), 
1 i^l 2 mg/ml BSA, 2 i^l lOxbuffer D (Promega) and 14 i^l ddHjO was incubated at 
3TC ovemight. After heat inactivation of EcoRV at 65 °C for 15 min, DNA synthesis 
was carried out using 20 |al of EcoRW digested vector at 72 °C for 2 hr with 0.3 ^1 0.1 
dTTP, 3 i^l lOxPCR buffer (1.0 ml 100 mM Tris-HCl, 15 mM MgCl2, 500 mM KC1, 
pH 8.3) (Boehringer), 2 i^l Taq DNA polymerase (1 U/^il) and 4.7 i^l ddHjO. The 
DNA product was electrophoresed on a 1.5% agarose gel and the corresponding DNA 
band was excised form the gel and purified by the Gene Clean II kit (Bio 101). Finally, 
the T-vector was eluted in 20 ^1 T,/,oE buffer (pH 8.0). 
II. Ligation of inserts into pBluescript II KS (+) T-vector 
Purified PCR product (20 ^il) from 2.3.2 was mixed with 1 i^l T-vector from 
above in a microfuge tube and vaccum dried. PCR product was ligated into EcoRV 
site of the T-vector using the following reaction: 7 i^l ddH20,1 i^l 10><T4 DNA ligase 
buffer (30 mM Tris-HCl (pH 7.8), 10 mM MgCl2, 10 mM DTT, 1 mM ATP), 0.5 |il 10 
mM ATP, 0.5 i^l 2 mg/ml Bovine serum albumin (BSA) and 1 i^l T4 DNA ligase 
(Promega, 3 U/^il) in a final volume of 20 i^l. The reaction mixture was mixed and 
incubated ovemight at 16°C. 
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III. Transformation 
The DH-5aAmp compentent cells (CaCl2 treated) were thawed on ice and gently 
mixed by tapping the tube. One hundred i^l of cells was added into the 10 i^l ligation 
mix from above and swirled gently, before placed on ice for 30 min, followed by a heat 
pulse in a 42 °C heat block for 2 min. After the heat pulse, the transformation mixture 
was placed back on ice for 2 min. LB medium (0.5 ml) was added and the cells were 
incubated at 37°C for 1 hr with agitation at 225-250 rpm. The transformation mixture 
was spread on LB agar plates containing 100 ^ig/ml of ampicillin with 800 i^g ofX-gal 
and 800 i^g IPTG spread on agar surface. Following by ovemight incubation at 37°C. 
White colonies were identified as successful transformants after incubation at 37°C 
ovemight. 
2.3.3.3 Screening of recombinant plasmids 
Blue-white selection was employed to screen for the correct inserts cloned into 
the plasmid vector. • 
White colonies from 2.3.3.2 III were streaked on LB plates containing 100 ^g/ml 
ampicillin and 800 i^g X-gal and IPTG. The cells were then incubated ovemight at 
37°C. A single white colony was innoculated in 5 ml LB containing 100 |ig/ml 
ampicillin and grown ovemight with vigorous shaking at 3>TC. 
I. Extraction of plasmid DNA 
Plasmid DNA was extracted by the Wizard^^ Plus Minipreps DNA purification 
systems (Promega). The cells were pelleted by centrifugation and resuspended in 200 
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i^l of Cell Resuspension Solution (50 mM Tris-HCl (pH 7.8), 10 mM EDTA, 100 
^ig/ml RNase A). Two hundred i^l Cell Lysis Solution (0.2 M NaOH and 1% SDS) was 
then added and the solution was mixed by gently inverting the tube several times until 
the suspension tumed clear. Finally, 200 \x\ of Neutralization Solution (1.32 M 
potassium acetate, pH 4.8) was added and mixed by gently inverting for four times. 
Before centrifuged for 5 min at 10,000 xg. One ml of the Wizard ^^ Plus Minipreps 
DNA purification Resin was pipetted into a barrel of the Minicolumny'Syringe 
assembly. The supernatant of the above-centrifuged mixture was transferred into the 
syringe. Vacuum was applied until the entire sample had completely passed through 
the column. Two ml Column Wash Solution (80 mM patassium acetate, 8.3 mM 
Tris-HCl (pH 7.5), 40 i^M EDTA) was pieptted into the syringe and vacuum was 
applied until the solution was drawn through the column. The Minicolumn was then 
transferred to a 1.5 ml microfuge tube and centrifuged at 10,000 xg to remove residual 
wash solution. Twenty i^l T,/,oE buffer (pH 8.0) was added to the Minicolumn after 
transferred to a new microfuge tube. After standing for 1 min, then the Minicolumn 
was centrifuged for 1 min at 10,000 xg to elute the plasmid DNA. 
II. Restriction digestion of plasmid DNA 
The inserts of the plasmids were checked by incubating the plasmid at 37°C with 
restriction enzymes in a reaction mixture containing 5 i^l plamid DNA (1 ^g), 1 ^1 
Sacl (10 U/^il Promega), 1 i^l Kpnl (10 U/^il Promega), 2 |^ 1 10x buffer J and 11 i^l 
ddH2O for pCR-Script plasmid. For pBluescript II KS (+) plasmid, restriction 
enzymes BamHl and Hindlll (or Xhol and Xbal) were used instead. The size of the 
inserts and vectors were estimated with 1 kb DNA Ladder (GibcoBRL) on a 1% 
agarose gel in 1 xTAE. 
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2.4 Sequencing of differentially expressed genes 
2.4.1 DNA cycle sequencing 
The ABI PRISM™ dRhodamine Terminator Cycle Sequencing Ready Reaction 
Kit with AmpliTaq® DNA Polymerase, FS (Perkin Elmer) was used for the 
sequencing reactions. In a 0.2 ml PCR tube, 160-240 ng of double-stranded plasmid 
DNA, 4 i^l of Terminator Ready Reaction Mix (A-Dye Terminator labeled with 
dichloro[R6G], C-Dye Terminator labeled with dichloro[TAMRA], G-Dye Terminator 
labeled with dichloro[R110], T-Dye Terminator labeled with dichloro[ROX], dATP, 
dCTP, dITP, dTTP, AmpliTaq DNA Polymerase, FS, with thermally stable 
pyrophosphatase, MgCl2, Tris-HCl buffer, pH 9.0), 1.6 ^1 of0.8 pmol M13 (forward) 
primer, and added to a final volume of 10 i^l with ddHjO. The cycle sequencing 
reaction was performed using the GeneAmp PCR System 2400 (Perkin Elmer), and 
thermal cycling was carried for 25 cycles as followed: 96°C for 10 sec., 50°C for 5 sec., 
60 °C for 4 min. The reaction product was purified by precipitation in 1 ^1 of 3 M 
NaOAc, pH 4.6 and 25 i^l of 95% ethanol (EtOH). The mixture was then vortexed and 
placed at -20°C for 10 min, before centrifuged at 15,000 rpm (roter F34-6-38: 
Centrifuge 5810R, Eppendorf) for 30 min. The supernatant was removed completely 
and the pellet was washed with 200 i^l of 75% EtOH. The microfuge tube was 
centrifuged for another 5 min and the supernatant was again discarded. The pellet was 
vaccum dried and resuspended in 12 i^l Template Suppression Reagent (Perkin Elmer). 
The sample was mixed by vortexing and denatured at 95 °C for 2 min. After 
centrifugation, the sample was chilled on ice immediately and then transferred to a 0.5 
ml Genetic Analyzer Sample Tube (Perkin Elmer) before loading to the ABI PRISM 
310 Genetic Analyzer. To resolve the cycle sequencing product, capillary 
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electrophoresis was performed by ABI PRISM 310 in l><Genetic Analysis Buffer 
(Perkin Elmer). The sample was injected at .4 kV for 30 sec. and the electrophoresis 
was run at 7.5 kV at 42 °C for 140 min. Raw data of the sequencing reaction were 
collected by ABI PRISM 310 Genetic Analyzer Data Collection software and 
analyzed by ABI PRISM 310 Genetic Analyzer Sequencing Analysis software to 
obtain the processed sequence information. 
2.5 Northern blot hybridization of NaCl inducible genes 
2.5.1 RNA fractionation by formaldehyde gel electrophoresis 
All plastic wares (gel tank, casting tray, comb) in contact with the gel and running 
buffer were cleaned with RNASE ZAP (Ambion) and then rinsed with DEPC-treated 
water. To prepare 100 ml 1% formaldehyde agarose gel, 1 g agarose was melted in 87 
ml DEPC-treated water. When the agarose cooled to 55-60�C, 10 ml lOxMOPS 
running buffer (0.2 M MOPS, 0.05 M NaOAc, 0.01 M EDTA, pH 7.0) and 3 ml 37% 
formaldehyde (v/v) were added and mixed gently. After casting, the gel was allowed 
to stand for one hour to solidify. RNA loading buffer was added to each RNA sample, 
the resulting mixture consisted of20 j^ g RNA, 50% formamide, 17.5% formaldehyde, 
lxMOPS running buffer, 1 |ag ethidium bromide and 1 i^l 6xloading buffer (50% 
glycerol, 0.4% bromophenol blue). Prior to loading, the sample was denatured at 55°C 
for 20 min and placed on ice for 2 minutes. Gel electrophoresis was carried out at 100 
volts for 1-2 hr. 
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2.5.2 Northern blotting 
The formaldehyde agarose gel was rinsed in DEPC-treated water. RNA from the 
gel was then transferred to a positively charged nylon membrane (Boehringer) by the 
capillary transfer method. A glass baking dish was filled with lOxSSC (1.5 M NaCl, 
150 mM NaOAc, pH 7.0) and a glass plate was placed on top of the dish to form a 
platform. Two Whatman 3 MM paper saturated with lOxSSC was placed on the 
platform with its ends submerged into the lOxSSC. The gel was carefully placed on 
the Whatman 3 MM paper in an inverted position and care was taken to prevent 
introducing air bubbles between them. The whole set up was covered by plastic wrap 
and the wrap was cut with a clean razor blaze 0.5 cm away from the wells and the 
bromophenol blue dye. A piece of nylon membrane (Boehringer) with size 1 cm 
larger than the exposed gel surface from each edge was placed onto the gel. Bubbles 
trapped between the gel and the membrane were smoothed out with a pipette. On top 
of the nylon membrane, four pieces of 3 MM paper wetted with lOxSSC , a stack of 
dry paper towels (5-8 cm high), a glass plate and a bubble balance were placed in that 
order. The blotting was allowed to proceed ovemight, and the membrane was then 
removed from the set-up with a pair of flat-ended forceps. RNA on the nylon 
membrane was fixed by UV crosslinking (GS Gene Linker^^ UV Chamber, BIO-RAD) 
by applying a total energy of250 Joules. 
2.5.3 Preparation of single-stranded DIG-labeled PCR probes 
2.5.3.1 Isolation of total DNA 
Total DNA was isolated by a modified standard procedure (Bult et aL 1992; 
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Doyle and Doyle 1987). About 0.05 g of frozen tissue was pulverized in a microfuge 
tube with 0.6 ml pre-warmed (60°C) 2xhexadecyltrimethyammonium bromide 
(CTAB) buffer (0.1 M Tris-HCl, 1.4 M NaCl, 0.02 M EDTA, 0.05 M CTAB, pH 8.0) 
and sterile sand. The suspended tissue was incubated at 60°C water bath for 25-30 min 
with occasional vortexing. After cooled for 2 min, 0.4 ml P:C:I (2/3 volume) was 
added and mixed by inverting. The mixture was centrifuged at 13000 rpm (roter F-
45-18-11: Centrifuge 5415C, Eppendorf) for 30 min. After centrifugation, the 
aqueous layer was transferred to a new microfuge tube and extracted again with 2/3 
volume of chloroform:isoamyalcohol (C:I) for two more times. After three rounds of 
extraction with C:I, the aqueous layer was stored at -20°C ovemight after adding 2 
volume of 100% EtOH. The whole mixture was centrifuged at 13000 rpm (roter F-
45-18-11: Centrifuge 5415C, Eppendorf) for 30 min. The pellet was resuspended in 
1.5 ml washing solution (76% EtOH, 0.01 M NH^OAc) and stored at -20°C for 30 min. 
After centrifuge at 13000 rpm (roter F-45-18-11: Centrifuge 5415C, Eppendorf) for 15 
min, the supernatant was discarded and the pellet was allowed to stand for 5 min with 
1.5 ml 70% EtOH. Finally, the EtOH was removed and the pellet (DNA) was air-dried 
or vacuum dried in a SpeedVac for about 5 min and redissolved in sterilized ddH2O. 
The DNA was used to prepare single-stranded DIG-labeled PCR probes. 
2.5.3.2 Primer design 
Two pairs of internal and extemal primers were designed for each putative salt 
inducible genes with the softwares PRIMER CALCULATOR and GENESTREAM. 
The nucleotide sequences for primers design were based on the sequence analysis of 
selected RAP-PCR fragments using BLAST Search on the WWW server ofNational 
Center ofBiotechnology Information (NCBI, National Library ofMedicine, NIH) as 
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described in section 3.4. 
2.5.3.3 PCR amplification of single-stranded DIG PCR probes 
DIG-labeled single-stranded DNA probes were prepared by using DIG DNA 
Labeling Kit (Boehringer) and procedures were modified from a standard protocol 
(Finckh et al 1991). 
I. Round one PCR amplification of single-stranded DNA probes 
The PCR reaction was set up as follows in a total volume of 50 i^l containing 1 p,l 
DNA (1 pg/^il), 5 i^l lOxPCR-reaction buffer(100 mM Tris-HCl, 500 mM KC1, pH 8.3 
(20�C)), 3 i^l of 25 mM MgCl2, 1 i^l of 10 mM dNTP mix, 10 ^1 external forward 
primer (1 ^iM), 10 i^l external reverse primer (1 ^iM), 2.5 i^l of Taq DNA polymerase 
(1 U/^il, Boehringer) and 17.5 ^1 ddH2O. The 50 i^l reaction mixture was added to a 
0.2 ml PCR tube and transferred to a thermal cycler's heating block. The reaction was 
first incubated at 94°C for 2 min followed by 55 cycles followed of 94 °C for 20 sec., 
53 °C for 30 sec., 72°C for 1.5 min. The PCR was finished with a 10-min incubation at 
72 °C and then kept at 4 °C. Five ^1 of the PCR products were electrophoresed on a 
1.5% agarose gel in lxTAE for analysis. 
II. Nested PCR on round one PCR products 
The nested PCR reaction was set up as follows in a total volume of 50 i^l 
containing 2 ^1 of diluted round one PCR product (diluted by 100 fold). 5 |il 
lOxPCR-reaction buffer (100 mM Tris-HCl, 500 mM KC1, pH 8.3 (20�C))，3 i^l of25 
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mM MgCl2, 1 i^l of 10 mM dNTP mix (note: 1 mM was used in lab protocol), 10 ^1 
internal forward primer (1 ^iM), 10 i^l internal reverse primer (1 ^iM), 2.5 i^l of Taq 
DNA polymerase (1 U/^1, Boehringer) and 16.5 ^1 ddHjO. The 50 i^l reaction mixture 
was added to a 0.2 ml PCR tube and the cycling procedure was the same as that in 
round one. 
III. Biased PCR to make single-stranded DNA probes 
Last round PCR reaction was set up as follows using only one primer (i.e. biased 
PCR) in a total volume of 50 i^l containing 2 ^1 of diluted nested PCR product (diluted 
by 10 fold, ~40 ng template added)，5 i^l lOxPCR-reaction buffer (100 mM Tris-HCl, 
500 mM KC1, pH 8.3)，3 i^l o f25 mM MgCl2, 2 i^l of dNTP labeling mix (80 i^l of 
lOxconc. dNTP labeling mix containing 1 mM dATP, 1 mM dCTP, 1 mM dGTP, 0.65 
mM dTTP, 0.35 mM DIG-ll-dUTP, pH 7.5), 40 i^l internal reverse primer (1 ^iM), 2.5 
i^l of Taq DNA polymerase (1 U/^il, Boehringer) and 16.5 ^1 ddHjO. The 50 i^l 
reaction mixture was added to a 0.2 ml PCR tube and transferred to a thermal cycler's 
heating block. The reaction was first incubated at 94 °C for 2 min, followed by 55 
cycles of 94"C for 20 sec., 53 °C for 30 sec., 72°C for 1.5 min. The PCR was finished 
with a 10-min incubation at 72°C and then kept at4°C. 
IV. Probe Quantification 
DIG-labeled DNA probes were quantitated using the spotting method by 
comparing with DIG-labeled control-DNA (50 i^l linearized pBR328 DNA, labeled 
with digoxigenin, containing 1 i^g template DNA and � 2 6 0 ng digoxigenin-labeled 
DNA, 5 |ig/ml) provided in the DIG DNA Labeling Kit (Boehringer). 
44 
Quantification procedures were as follows: 10 fold serial dilutions ranging from 
0.05 ng to 5 ng of DIG-labeled control DNA and labeled probes were prepared by 
diluting them to 1:1, 1:10, 1:100 folds with ddH2O. Samples were spotted onto a 
positively charged nylon membrane (1 ^il/spot). DNA on the nylon membrane was 
fixed by UV crosslinking with a total 250 Joules of energy. 
The membrane were rinsed in lxmaleic acid buffer (0.1 M maleic acid, 0.15 M 
NaCl, pH 7.5) for 2 min and then soaked in 2% blocking reagent (Boehringer) 
lxmaleic acid buffer for 30 min. The membrane was then incubated with 1:10000 of 
anti-Digoxigenin-AP Fab fragments (Boehringer) in 2% blocking solution for 10 min 
with continuous agitation. The membrane was then washed twice for 5 min in 
lxmaleic acid buffer. The membrane was equilibrated in detection buffer (0.1 M 
Tris-HCl and 0.1 M NaCl, pH 9.5) for 2 min. The detection buffer was discarded and 
the membrane was transferred to a clean plastic wrap. CSPD (Boerhringer) was added 
onto the membrane. The wrapped membrane was transferred and placed in a film 
cassette. The membrane was exposed to a sheet ofX-ray film (BioMax, Kodak) for 30 
min at 37°C. The film was developed in developer and replenisher (Kodak GBX) for 5 
min followed by another 5 min in fixer and replenisher (Kodak GBX) with water 
rinses between the two steps. 
The concentrations of DIG-labeled DNA probes were estimated by comparing 
spot intensities of the control and samples. 
2.5.4 Hybridization 
The hybridization buffer was prepared with final concentrations of 50% 
formamide, 5xSSC (0.75 M NaCl, 0.075 M NaOAc, pH 7.0), 2% blocking reagent 
(Boehringe) in lxmaleic acid buffer, 0.1% N-lauroylsarcosine, 50 mM NaPO4 (pH 7.0) 
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and 7% sodium didecyl sulfate (SDS) (w/v). The whole mixture was placed at 40�C 
water bath until the SDS powder was completely dissolved. The membranes prepared 
in 2.5.2 were put into separate hybridization bottles and pre-hybridized with 10 cmVml 
of hybridization buffer at 42 °C for 4 hr with continuous rotation in a hybridization 
oven. The pre-hybridization solution was discarded and same volume ofhybridization 
buffer was added to each tube. The DIG-labeled probes prepared in 2.5.3 were 
denatured in a boiling water bath for 10 min and chilled on ice for 2 min and then 
added to the hybridization buffer equilibrated to 42 °C (probe concentration 20-25 
ng/ml). The tubes were incubated at 42 °C for about 16 hr with continuous rotation in 
a hybridization oven. 
2.5.5 Stringency washes 
After hybridization, the hybridization buffer was discarded. The membranes 
were washed twice for 15 min in 2xSSC and 0.1% SDS at room temperature with 
gentle agitation. Then, the membranes were transferred to 0.5xSSC and 0.1% SDS 
and washed twice for 15 min at 65 °C with gentle agitation. 
2.5.6 Chemiluminescent detection 
The washed membranes were rinsed with lxmaleic acid buffer at room 
temperature for 2 min. The membranes were then treated with 2% blocking reagent 
(in lxmaleic buffer) at room temperature for 4 hr with continuous rotation. After that, 
the membranes were incubated with 1:10000 of Anti-Digoxigenin-AP Fab fragments 
(Boehringer) in 2% blocking reagent at room temperature for 30 min with continuous 
rotation. The membranes were then washed twice for 15 min in 1 xmaleic acid buffer 
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at room temperature. Before equilibrated in detection buffer (0.1 M Tris-HCl and 0.1 
M NaCl, pH 9.5) for 2 min. The detection buffer was discarded and the membranes 
were transferred to a clean plastic wrap. CSPD (Boerhringer) was added onto the 
membranes. The wrapped membranes were transferred and placed in a film cassette. 
The membranes were exposed to a sheet of X-ray film (BioMax, Kodak) ovemight at 
room temperature. The film was developed in developer and replenisher (Kodak GBX) 
for 5 min and followed by another 5 min in fixer and replenisher (Kodak GBX) with 
water rinses between the two steps. 
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3. Results 
3.1 Determination of sub-lethal inhibitory doses of sodium chloride 
Sub-lethal inhibitory doses of NaCl on A. thaliana were estimated using root 
length as the inhibition parameter. The average root length of 8-day-old seedlings 
grown on MS supplemented with different concentrations ofNaCl (0，15, 30, 60, 120, 
240 mM) were measured (Fig. 3.1) and the data comparison was performed using 
Analysis ofVariance (ANOVA) (Table 3.1). Except comparing the data points 15 mM 
versus 30 mM NaCl, mean difference of all other data pairs were found to be 
statistically significant at 0.05 level. The deduced inhibition on root length in MS with 
40 mM (40% inhibition) and 80 mM (60% inhibition) NaCl supplements were 
employed for subsequent experiments to represent mild and severe inhibition, 
respectively. 
3.2 Isolation of total RNA from A, thaliana treated with sodium 
chloride 
In this study, samples were taken from 2-week-old A. thaliana seedlings totally 
by a 2-day treatment of MS supplemented with 0 mM, 40 mM, and 80 mM NaCl. 
Forty mM and 80 mM NaCl representing 40% and 60% inhibition on root length (Fig. 
3.1, Table 3.1) were chosen to screen for salt inducible genes. A typical result of total 
RNA isolated was shown in Fig. 3.2. The ribosomal RNA bands were visualized by 
gel electrophoresis and ethidium bromide staining (Fig. 3.2). The ratio of optical 
density 260nm to 280nm ofRNA samples ranged from 1.65-1.75 confirming that the 
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Fig.3.1 Growth inhibition curve of 8-day-old A. thaliana grown on MS medium 
supplemented with different concentrations of NaCl. Col-0 seeds were sown onto 
different medium: MS alone and MS with 15 mM, 30 mM, 60 mM, 120 mM or 240 
mM NaCl supplement. After incubation ovemight at 4 °C, the seeds were transferred 
to 22 °C growth chamber with a regular light-dark cycle (16 hr Light: 8 hr Dark). The 
seeds were allowed to germinate and grow for 8 days. The root length of each 
individual seedling was measured by a ruler. The data of root length at different 
medium were analyzed by ANOVA. The error bars indicate standard deviation and 'n' 
equal to the number ofplants for each set of test. 
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Table 3.1 Multiple comparisons of average root lengths of 8-day-old A. thaliana 
grown on MS medium supplemented with different concentrations ofNaCl. 
(I) NaCl (J) NaCl Mean Difference^ Standard Deviation Significant 
concentration / mM concentration / mM (I-J) (S.D.) 
0 l5 .2176* .063 ^ W \ ~ ~ 
30 .1418* .063 .026 
60 .5191* .063 .000 
m 1.3654* ^ .000 
f5 0 -.2176* ^ .001 
30 -7.58E-02 .052 .145 
60 .3015* .052 .000 
m 1.1478* . m .000 
30 0 -1.418* ^ ^ ~ ~ ~ 
15 7.585E-02 .052 .145 
60 .3773* .052 .000 
m 1.2236* ^ .000 
^ 0 -.5191* ^ ! 0 0 0 ^ 
15 -.3015* .052 .000 
30 -.3773* .052 .000 
m .8463* ^ .000 
f20 0 -1.3654* ^ ^ ^ 
15 -1.1478* .054 .000 
30 -1.2236* .054 .000 
60 -.8463* .054 .000 
^Mean difference marked with '* ' is significant at the 0.05 level. 
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Fig.3.2 Total RNA isolated from 2-week-old A. thaliana seedlings treated with 
different concentrations of NaCl. Seeds were sown and seedlings were allowed to 
grow on MS medium for 2 weeks under a regular day-night cycle (16 hr Light: 8 hr 
Dark) before transferring to MS medium containing 0 mM (lane 1)，40 mM (lane 2) or 
80 mM (lane 3) NaCl for 2 days. Total RNA was extracted as described in Materials 
and Methods. The 28 S and 18 S subunits of rRNA were marked with arrows. 
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purity ofRNA samples were within an acceptable range. 
3.3 Isolation of genes differentially expressed in sodium concentration 
by RNA arbitrarily primed polymerase chain reaction (RAP-PCR) 
3.3.1 Differential cDNA fragments identified by RAP-PCR 
Total RNA samples harvested under different NaCl treatments (see above) were 
used for RNA arbitrarily primed polymerase chain reaction (RAP-PCR) experiments. 
The principle of RAP-PCR was described in the Materials and Methods session. 
Using 7 arbitrary primers (Table 3.2) and 3 different total RNA samples (treated with 0 
mM, 40 mM or 80 mM NaCl supplements), a total of 21 RNA fingerprints were 
generated. These results were visualized on a silver stained polyacrylamide gel (Fig. 
3.3). Fifty-four differentially displayed RAP-PCR fragments were observed and 
grouped under 10 categories (Table 3.3) according to the differentially expressed 
patterns showed on the silver stained polyacrylamide gel (Fig. 3.3). 
3.3.2 PCR reamplification of RAP products 
The 54 cDNA fragments mentioned above were excised from 13 RNA 
fingerprints. Twenty-two of these RAP-PCR products were successfully reamplified 
(Fig. 3.4). Since some PCR reamplification reactions gave more than one band, a total 
of29 DNA bands (Table 3.5) were separated by gel electrophoresis, excised, purified 
and subjected to another round of reamplification. The resulting PCR products were 
purified by a commercial kit (GeneClean II® Kit; BIO 101 Inc.) and the purity was 
verified by gel electrophoresis (Fig. 3.6). 
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Table 3.2 Nucleotide sequence of the seven 18-base arbitrary primers used. 
RAP-PCR Primer Sequence 
Al 5’ A A T C T A G A G C T C C T C C T C 3’ 
A2 5’ A A T C T A G A G C T C C A G C A G 3’ 
A3 5’ A A T C T A G A G C T C T C C T G G 3’ 
A5 5’ A A T C T A G A G C T C C C T C C A 3’ 
B1 5’ C T T G T A C G C G T G T G C G A C 3’ 
B2 5’ C C T A C A C G C G T A T A C T C C 3’ 
B5 5’ C A C A C G C A C A C G G A A G A A 3’ 
53 
M A2 A3 A5 M B1 B2 B5 A1 M i U I U I I I i ! i P I 
800bp- r : h Ji5+*g|^_ ;】:：• 5 - . b p 
二?_1 l：.- • « ^ . 署 ： 
- ‘ 严 J i ; . *^ . i ^ 
• • “ , » - « ^ ^ • • ** • —«..«--
• *•. . . .T 
i-. •+. >• • . -J< 
:，_•:: • ^ 
...‘ i ^ _ ««• M -
:：一‘ ^ 
P% 
: - : 一 
m 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Fig. 3.3 Silver stained polyacrylamide gel showing RNA fmgerprints of A. thaliana 
seedlings treated with different NaCl supplements. Seven arbitrary primers (A]，A2, 
A3，A5, B1, B2, B5) were used for the RAP-PCR reactions to generate RNA 
fmgerprints obtained from total RNA samples of 0 mM (lanes: 2, 5, 8, 12，15, 18，21), 
40 mM (lanes: 3，6，9，13,16，19，22) and 80 mM (lanes: 4, 7，10，14,17, 20, 23)NaCl 
treatments. Dots were marked on the left of the 54 differentially expressed cDNA 
fragments. M: 100 bp DNA ladder (Gibcobrl); each pair of consecutive bands is 
different by 100 bp and the 800 bp fragment was marked. Reverse transcription and 
PCR conditions were described in Materials and Methods. 
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Table 3.3 Fifty-four differentially expressed RAP-products excised from the silver 
stained polyacryamide gel. 
RAP-fragment Description" Category^ Primer 
1 A2al200I i A2 
2 A2al080I I A2 
3 A2a630VI VI A2 
4 A2a470V V A2 
5 A240mM530III III A2 
6 A240mM360III III A2 
7 A3al450I 1 A3 
8 A3a930VII VII A3 
9 A3a700I I A3 
10 A3a560I I A3 
11 A3a480V V A3 
12 A340mM1400III III A3 
13 A340mM1150VII VII A3 
14 A340mM610II II A3 
15 A340mM600III III A3 
16 A340mM410III III A3 
n A5all50I I A5 
18 A540mM1100II II A5 
19 A540mM550II II A5 
20 A540mM450IV IV A5 
21 A540mM410II II A5 
^ Blall50VIII W l Bl 
23 Bla950VIII VIII Bl 
24 Bla490VIII VIII Bl 
25 B140mM1300IV IV Bl 
26 B140mM1000III III Bl 
27 B140mM950III III Bl 
28 B140mM700VII VII Bl 
29 B140mM670II II Bl 
30 B140mM610III III Bl 
31 B140mM430III III Bl 
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Table 3.3 (continued) 
RAP-fragment Description" Category^ Primer 
32 B2al550II H B2 
33 B2al000I I B2 
34 B240mM1800III III B2 
35 B240mM1300III III B2 
36 B240mM1100III III B2 
37 B240mM1000III III B2 
38 B240mM630VII VII B2 
39 B240mM400VII VII B2 
40 B240mM350II II B2 
41 AlallOOI i Al 
42 Ala550X X Al 
43 A140mM1400II II Al 
44 A140mM1250II II Al 
45 A140mM950II II Al 
46 A140mM850VII VII Al 
47 A140mM700III III Al 
48 A140mM620II II Al 
49 A140mM590II II Al 
50 A140mM570II II Al 
51 A140mM500II II Al 
52 A140mM420II II Al 
53 A180mM680IX IX Al 
54 A180mM440IX IX Al 
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Table 3.3 (continued) 
Example of RAP fragment naming details were descried as below. 
A2al200I 
A2: the primer used to produce this RAP fragment 
a: this RAP fragment was excised from fingerprint of RNAs 
of Arabidopsis seedlings grown in normal condition 
120: estimated size (bp) of the RAP fragment 
I: this RAP fragment belonged to category I 
^Ten categories of the differentially expressed RAP fragments were shown as follows. 
The categorization was based on the results obtained on the silver stained 
polyacrylamide gel (Fig. 3.3) 
Category Description 
I under-express in 40 mM sodium salts 
II over-express in 40 mM sodium salts 
III only express in 40 mM sodium salts 
IV express both in 40 mM & 80 mM sodium salts 
V express in normal condition & 80 mM sodium salts 
VI only express in the normal condition 
VII over-express n 40 mM & 80 mM sodium salts 
VIII under-express in 40 mM & 80 mM sodium salts 
IX only express in 80 mM sodium salts 
X under-express in 40 mM, over-express in 80 mM 
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Fig. 3.4 (a-e) Reamplification ofRAP-products excised from Fig. 3.3. Differentially 
expressed cDNA fragments excised from the silver-stained gel (Fig. 3.3) were 
reamplified using the same arbitrary primers and PCR conditions. The resulting PCR 
products were separated in 5 individually run 2% agarose gels (a to e) containing 1 
|igAnl ethidium bromide, a. lane 1: 9，lane 2: 10; b. lane 3: 13-1 & 13-2, lane 4: 14， 
lane 5: 18, lane 6: 46, lane 7: 53; c. lane8:8, lane9: 15,lanelO: 19; d. l ane l l : 28 - l 
& 28-2，lane 12: 37; e. lane 13: 41，lane 14: 42, lane 15: 44, lane 16: 45, lane 17: 46， 
lane 18: 47, lane 19: 48, lane 20: 49，lane 21: 50, lane 22: 52. M: 100 bp DNA ladder 
(Gibcobrl); each pair of consecutive bands is different by 100 bp and the 600 bp fragment was marked. Arr ws indicated the position of inserts. 
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Fig. 3.5 (a & b) Second reamplification of RAP-PCR products. cDNA fragments 
excised and gel purified from the agarose gel (Fig. 3.4) were further reamplified using 
the same arbitrary primers and PCR conditions. Resulting DNA fragments were 
separated on two (a and b) 2% agarose gels containing 1 ^ig/ml ethidium bromide, a. 
lane 1: 8; lane 2: 9，lane 3: 10’ lane 4: 13-1 & 13-2，lane 5: 14, lane 6: 15, lane 7: 18-
1 & 18-2，lane 8:19，lane 9: 28-1 & 28-2, lane 10: 37; b. lane 11: 41，lane 12: 42, lane 
13: 44，lane 14: 45, lane 15: 46, lane 16: 47，lane 17: 48, lane 18: 49，lane 19: 50, lane 
20: 52, lane 21: 53. M: 100 bp DNA ladder (Gibcobrl); each pair of consecutive bands 
is different by 100 bp. 
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Fig. 3.6 (a & b) Purifications o fPCR products obtained as in Fig. 3.5. A total of 29 
cDNA fragments obtained after two rounds of reamplification were purified by a 
commercial kit (GeneClean II® Kit; BIO 101 Int.). The purity of the fragments were 
verified by running on two (a and b) 2% agarose gels containing 1 ^g/ml ethidium 
bromide, a. lane 1: 8，lane 2: 9-1，lane 3: 9-2，lane 4: 13-1, lane 5: 13-2，lane 6: 14-1, 
lane 7:14-2, lane 8:15-1, lane 9:15-2, lane 10: 28-1, lane 11:28-2, lane 12: 28-3，lane 
13: 37-1, lane 14: 37-2, lane 15: 44-1, lane 16: 44-2, lane 17: 45-1, lane 18: 45-2, lane 
19: 46-1，lane 20: 46-2, lane 21: 48-1，lane 22: 48-2, lane 23: 48-3，lane 24: 50-1, lane 
25: 50-2, lane 26: 53-1, lane 27: 53-2; b. lane 28: 18-1, lane 29: 18-2. M in (a) was 
100 bp DNA ladder (Gibcobrl); each pair of consecutive bands is different by 100 bp. 
M in (b) was 1 kb DNA ladder (Gibcobrl); the 1018 bp and 506 bp fragments were 
marked. 
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Table 3.4 A list of successfully reamplified and purified RAP-PCR products. 
RAP-PCR Approximate 
Product Fragment Size Lategory 
8 750 bp VII: over express in 40 mM & 80 mM Na+ 
^ 700 bp ；~~“ ~ ~ ~ " T T 7 ~ 
g 2 65Q bf I: under express in 40 mM Na 
1^ 2 gQQ ^ ^ VII: over express in 40 mM & 80 mM Na+ 
^ 650 bp ~ " " 7 " 7 7 ^ 
14 2 6Qo b � II: over express in 40 mM Na 
1^ 2 Q^Q ^ p III: only express in 40 mM Na+ 
f ^ 900 bp ~ . 仏 u \ T + 
1 g_2 800 bp over express in 40 mM Na 
19 550 bp II: over express in 40 mM Na+ 
^ 800 bp 
28-2 700 bp VII: over express in 40 mM & 80 mM Na+ 
28-3 450bp 
^y 2 yQQ ^ p III: only express in 40 mM Na+ 
^ 1000 bp ~ ~ ~ 7 ~ T ~ ~ 
体 2 goo b over express in 40 mM Na 
4 ^ 850 bp ~ ~ ~ ~ ~ T 7 ~ 
45 2 8QQ b � 11: over express in 40 mM Na 
4^ 2 gQQ ^p VII: over express in 40 mM & 80 mM Na+ 
4 ^ 700 bp ‘ 
48-2 650 bp II: over express in 40 mM Na+ 
48-3 600 bp 
5 ^ 1 600 bp ~ ~ “ ！ : 
^Q_2 55Q bb II： over express in 40 mM Na 
52 420 bp II: over express in 40 mM Na+ 
534 700 bp , , , , . , 
53_2 650 bp only express in 80 mM Na 
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3.3.3 Cloning of selected RAP-fragments 
Since my studies focused on identification of salt inducible genes from A. 
thaliana, only RAP-PCR products belonged to categories II, III，VII，and IX were 
chosen from the 29 purified RAP-PCR products (Table 3.3 & 3.4) for further studies. 
These RAP-PCR products might represent mRNA species which expressions were 
enhanced or specific to the treatments of 40 mM or 80 mM NaCl supplement. Fifteen 
RAP-PCR products chosen for subcloning were: 13-1，13-2, 14, 15, 18-1, 18-2，19, 
28-1，28-2, 37，47, 49，50，52, 53. Thirteen RAP-PCR products were successfully 
cloned. Fragments 18-2 and 28-1 in fact contained two different cDNA fragments of 
the same size and these fragments were cloned separately. Fragments 19 and 52 were 
cloned into Srf I site of pCR-Script™ Amp SK (+) vector (Stratagene) using a 
combined digestion-ligation strategy (see Materials and Methods). Whereas 
fragments 13-2, 14，15, 18-1，18-2,28-1,37,47 and 50 were cloned into^coRVsite of 
pBluescript II KS (+) (Stratagene) via A-T cloning (see Materials and Methods). The 
transformants were plated on LB agar containing ampicillin (50 ng/mg), 800 i^g X-gal 
and 800 i^g IPTG. For each RAP-PCR product, 5 to 20 white colonies were screened 
by purifying their plasmids and subsequent restriction digestions [Fig. 3.7 (a-i)]. 
Restriction enzymes used for the plasmid digestions were as follow: Sac I and Kpn I 
for plasmids 19 and 52; Hind III & Bam HI for plasmids 13-2, 14，15，18-1，18-2-6, 
18-2-16，28-1-5, 28-1-10, 50; Xho I & Xba I for plasmids 37 and 47. 
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Fig. 3.7 (a-i) Cloning of selected RAP-PCR products. Eleven RAP-PCR products 
were successfully cloned (see Results). The transformants were grown in 5 ml LB 
broth containing 50 |ig/ml ampicillin at 37 °C ovemight. Plasmids were purified by a 
commercial kit (Wizard plus minipreps DNA purification; Promega) and subjected to 
restriction analyses. The digested fragments were visualized by running on nine (a to i) 
2% agarose gels containing 1 ^ig/ml ethidium bromide, a. Restriction digestion was 
performed ovemight for clone #13-2 [Hind III & Bam H1; lane 1); b. Restriction 
digestion was performed ovemight for clone #18-2-6 {Hind III & Bam H1; lane 2) and 
for clone #18-1 {Hind III & Bam H1; lane 3); c. Restriction digestion was performed 
ovemight for clone #28-1-5 {Hind III & Bam H1; lane 4); d. Restriction digesting for 
clone #14 [Hind III & Bam H1; lane 5); e. Restriction digestion for clone #37 {Xho I 
& Xba I; lane 6) and clone #47 {Xho I & Xba I; lane 7); f. Restriction digestion for 
clone #18-2-16 [Hind III & Bam H1; lane 8) and clone #28-1-10 (Hind III & Bam H1; 
lane 9); g. Restrictiondigestionfordone#19 0^cI&Aif?«I;lanelO); h. Restriction 
digestion for clone #15 (Hind III & Bam H1; lane 11) and for clone #50 (Hind III & 
Bam H1; lane 12); i. Restriction digestion for clone #52 (Sac I & Kpn I; lane 13). M 
in a, b，c, f, g, and i was 1 kb DNA ladder; the 506 bp, 1018bp, 1636 bp, 2036 bp, and 
3054 bp fragments were marked. M in d and e was 100 bp DNA ladder (Gibcobrl); 
each pair of consecutive bands is different by 100 bp and the 600 bp fragment was 
marked. Arrows indicated the inserts. 
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^ ^ ^ a ^ ^ ^ ^ ^ ^ ^ b ^ ^ ^ ^ c. 
3054bp-^ ^^ H ^^ ^^ 1^ 3 0 5 4 b p - ^ ^ | 
2036 b p . ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 2036 bp - ^ ^ ^ | 
^ ^ ^ ^ ^ ^ 1 ^ ^ ^ ^ ^ ^ ^ ^ H 1 0 1 8 b p - ^ ^ ^ H ^ 
^ ^ ^ ^ H . ^ ^ ^ ^ ^ ^ H ^ 5 0 6 b p - ^ ^ H ^ - ~ H ^ H • 
M 1 2 M 3 M 4 
d. ^ f. 
• • • 
6 0 0 b p ^ H ^ 6 0 0 b p ^ ^ ^ H ^ ^ ^ ^ H 
~ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ - 1 6 3 6 bp 
^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ 1 ^ ^ ^ ^ ^ ^ ^ H - 1 0 1 8 bp 
^ ^ ^ g ^ ^ ^ ^ ^ ^ H - i ^ ^ ^ ^ ^ ^ H - 5 0 6 b p 
M 5 M 6 7 8 9 M 
g. ^ i. ^^ 1^ ^^ ^^ H^ ^^ H^ 
3054 bp _ ^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ ^ J ^ ^ S ^ ^ ^ | 
1 6 3 6 b p - ^ ^ ^ H ^ ^ ^ ^ H H 3 0 5 4 b p J ^ ^ ^ | 
bp - ^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ H 1636 bp _ ^ ^ ^ ^ ^ H 
5 0 6 b p _ ^ ^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ 1 
^ ^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 1018 h p - ^ ^ ^ ^ ^ ^ ^ M 
^^^^^^^M 6 0 0 b p ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
• _ f - _ 
M 10 M 11 12 M 13 
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3.4 Nucleotide sequences analysis of selected RAP-PCR clones 
Partial nucleotide sequences of seven selected RAP-PCR clones were obtained 
by DNA sequencing analysis using the universal M13 forward primer (see Materials 
and Methods). The corresponding DNA sequences were shown in Fig. 3.8. 
The amino acid sequences predicted from all six reading frames of each partial 
nucleotide sequence were compared with protein databases using BLASTX program 
(Altschul et al. 1997) running on the WWW server of National Center of 
Biotechnology Information (NCBI, National Library of Medicine, NIH; web-site: 
http://www.ncbi.nlm.nih.gov/). (Fig. 3.9) 
Homologous sequence alignments showed that four clones were probably related 
to redox biochemical reactions. Both clones #18-2-16 and #19 were identified as 
cytochrome P450 monooxygenases. Clone #18-2-16 was highly homologous to a 
trans-cinnamate 4-monooxygenase (trans-cinnamate 4-hydroxylase). Whereas clone 
#19 was nearly identified and the exact functions was yet to be specified. Various 
P450 genes isolated from A. thaliana were summarized in Table 3.5. On the other 
hand, clone #18-1 and #28-1-10 encoded a putative copper amine oxidase and a 
putative oxidoreductase (functions yet to be specified), respectively. Two RAP-PCR 
clones were found to be related to post-transcriptional activities. Clone #52 might 
encode a glycine-rich RNA binding protein and clone #13-2 might encode a 
chloroplast signal recognition particle precursor. The function ofthe last clone, #18-
2-6 was yet to be identified. 
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Fig. 3.8 Partial mucleotide sequences of selected clones of RAP-PCR products. 
Plasmid clones were purified from bacteria host by a commercial kit (Wizard plus 
minipreps DNA purification; Promega). Chain terminator DNA sequence reactions 
were performed by an automative DNA sequencer (ABI PRISM 310 Genetic Analyzer) 
using the universal M13 forward primer (see Materials and Methods), a. Partial 
nucleotide sequence of clone #18-2-16 (A540mM1100II) (112 bp), b. Partial 
nucleotide sequence of clone #19 (A540mM550II) (345 bp), c. Partial nucleotide 
sequence of clone #18-1 (A540mM1100II) (340 bp), d. Partial nucleotide sequence of 
clone #28-1-10 (B140mM700VII) (509 bp), e. Partial nucleotide sequence of clone 
#52 (A140mM420II) (416 bp), f. Partial nucleotide sequence of clone #13-2 
(A340mM1150VII) (136 bp), g. Partial nucleotide sequence of clone #18-2-6 











































Fig. 3.9 BLASTX searches of selected RAP-PCR clones. Partial nucleotide 
sequences obtained in Fig. 3.8 were used for homology search using the BLASTX 
program (Aluschu et aL, 1999) on the WWW server of National Center of 
Biotechnology Information (http://www.ncbi.nlm.nih.gov/). List of highly 
homologous sequences found in the database and the amino acid sequence alignments 
of the best-matched results were shown, a. Homologous search of clone #18-2-16 
encoded the trans-cinnamate 4-monooxygenase (cinnamate 4-hydroxylase) 
(CYP73A5). b. Homologous search of clone #19 encoded the cytochrome P450 
dependent monooxygenase (CYP83A1). c. Homologous search of clone #18-1 
encoded a putative copper amine oxidase, d. Homologous search of clone #28-M0 
encoded a putative oxidoreductase. e. Homologous search of clone #52 encoded a 
glycine rich RNA-binding protein contained a RNA recognition motif, f. Homologous 
search ofclone #13-2 encoded a signal recognition particle 54cp protein precursor, g. 
Homologous search of clone #18-2-6 encoded a hypothetical protein. 




Sequences producing significant alignments: (bits) Value 
dbj|BAA24355| (D78596) trans-cinnamate 4-hydroxylase [Arabi 65 8 e - l l 
sp|P92994|T CMO_ARATH TRANS-CINNAMATE 4-MONOOXYGENASE (CINNA... 65 8 e - l l 
dbj|BAA24356| (D78597) trans-ciinamate 4-hydroxylase [Arabi... 65 8 e - l l 
gb|AAC99993.1| (U37235) cinnamate 4-hydroxylase [Arabidopsi... 62 6e-10 
gi |1773287 (U71080) cinnamate-4-hydroxylase [Arabidopsis th... 62 6e-10 
sp|Q43033|T CMO_PETCR TRANS-CINNAMATE 4 - M O N O O X Y G E N A S E (CMNA. . . 59 6e-09 
sp|P48522|T CMO_CATRO TRANS-CINNAMATE 4 - M O N O O X Y G E N A S E (CWNA.. . 56 4e-08 
gi |3603454 (AF088847) cinnamic acid 4-hydroxylase [Capsicum... 56 4e-08 
dbj|BAA24355| (D78596) trans-cinnamate 4-hydroxylase 
[Arabidopsis thaliana] 
Length = 505 
Score = 64.8 bits (155), Expect = 8e-ll 
Identities = 33/37 (89%), Positives = 34/37 (91%) 
Frame = +1 
Query： 1 NLVDYAKKFGDLFLLRMGQRNPVWSSRHLTEEVLLT 111 
NLVDYAKKFGDLFLLRMGQRN W V S S LT+EVLLT 
Sbjct: 57 NLVDYAKKFGDLFLLRMGQRNLVWSSPDLTKEVLLT 93 
b. clone#19 
Score E 
Sequences producing significant alignments: (bits) Value 
sp|P48421|CP83_ARATH CYTOCHROME P450 83 (CYPLXXXIII) >gi|61... 227 3e-59 
gi |2454176 (U69134) cytochrome P450 monooxygenase [Arabidop... 227 3e-59 
dbj|BAA28531| (D78598) cytochrome P450 monooxygenase [Arabi... 127 2e-29 
gb|AAB94589| (AF022460) C Y P 8 3 D l p [Glycine max] 100 6e-21 
CYTOCHROME P450 83 (CYPLXXXIII) >gi|619745 (U18929) cytochrome p450 
dependent monooxygenase [Arabidopsis thaliana] 
Length = 502 
Score = 227 bits (572), Expect = 3e-59 
Identities = 108/113 (95%), Positives = 111/113 (97%) 
Frame = +1 
Query: 7 ELPPGPSPLPVIGNLLQLQKLNPQRFFAGWAKKYGPILSYRIGSRTMWISSAELAKELP 186 
+LPPGPSPLPVIGNLLQLQKLNPQRFFAGWAKKYGPILSYRIGSRTMWISSAELAKEL 
Sbjct: 29 KLPPGPSPLPVIGNLLQLQKLNPQRFFAGWAKKYGPILSYRIGSRTMWISSAELAKELL 88 
Query: 187 KTRDVFFADRPPHRGHEFISYGRRDMALNHYTPYHREIRKMGMNHLFSPTRVA 345 
KT+DV FADRPPHRGHEFISYGRRDMALNHYTPY+REIRKMGMNHLFSPTRVA 




Sequences producing significant alignments: (bits) Value 
gb|AAD23730.1 |AC005956_20 (AC005956) putative copper amine oxidase.. 175 9e-53 
gb|AAD40979.1 |AF089851_1 (AF089851) peroxisomal copper-cont... 159 8e-47 
Sp|Q07123|AM02_ARTS 1 COPPER METHVLAMINE OXIDASE PRECURSOR... 64 4e-ll 
sp|Q07121 | A M 0 1 _ A R T S 1 COPPER AMINE OXIDASE PRECURSOR (MAOXI)... 64 4 e - l l 
pdb| lQAL|B Chain B, The Active Site Base Controls Cofactor ... 45 3e-04 
pdb| lQAF|B Chain B, The Active Site Base Controls Cofactor ... 45 3e-04 
pdb| lQAK|B Chain B, The Active Site Base Controls Cofactor ... 45 3e-04 
sp|P46883|AMO_ECOLI COPPER AMINE OXIDASE PRECURSOR (TYRAMIN... 45 3e-04 
pdb| lOAC|B Chain B, Oxidoreductase, Copper, Tpq, Periplasmi... 45 3e-04 
>gb|AAD23730.l|AC005956_20 (AC005956) putative copper amine oxidase 
[Arabidopsis thaliana] 
Length = 759 
Score = 175 bits (438), Expect(2) = 9e-53 
Identities = 81/85 (95%), Positives = 84/85 (98%) 
Frame = +2 
Query： 71 QDFPPFIEAMKRRGIEDMDLVMVDPWCVGYHSEADAPSRXLAKPLIYCQTDSDSPMENGY 250 
+DFPPFIEAMKRRGIEDMDLVMVDPWCVGYHSEADAPSR LAKPLIYC+TDSDSPMENGY 
Sbjct: 220 KDFPPFIEAMKRRGIEDMDLVMVDPWCVGYHSEADAPSRRLAKPLIYCRTDSDSPMENGY 279 
Query： 251 ARPVEGIYVLVDMQNMWIEFEDRK 325 
ARPVEGIYVLVD^MWIEFEDR+ 
Sbjct: 280 ARPVEGIYVLVDMQNMWIEFEDRE 304 
d. done#28-l-10 
Score E 
Sequences producing significant alignments: (bits) Value 
gi |3924598 (AF069442) putative oxidoreductase [Arabidopsis . . . 83 2e-15 
gi |3924599 (AF069442) putative oxidoreductase [Arabidopsis . . . 58 4e-08 
gi |3924597 (AF069442) putative oxidoreductase [Arabidopsis . . . 54 6e-07 
gi |4115913 (AF118222) contains similarity to Iron/Ascorbate... 38 0.039 
gb |AAD20145| (AC006282) unknown protein [Arabidopsis thaliana] 36 0.26 
gi |4115914 (AF118222) contains similarity to Iron/Ascorbate... 35 0.34 
giI3924598 (AF069442) putative oxidoreductase [Arabidopsis thaliana] 
Length = 399 
Score = 78.8 bits (191) , Expect = 2e-14 
Identities = 108/144 (75%), Positives = 115/144 (79%) 
Frame = +3 
Query： 63 KLNIVGVEPNVGVKVNADISDDVNANASVNAGVGANVNADTGVNDNLNVDANVAVGGGVN 242 
+LNIVGVE PNVGVKVNADISDDVNANASVNAGVGANVNADTGVNDNLNVDANVAVGGGVN 
Sbjct: 167 ELNIVGVEPNVGVKVNADISDDVNANASVNAGVGANVNADTGVNDNLNVDANVAVGGGVN 226 
Query： 243 ANTDLGVGVNVNSSVAVNAKTGGDDVEANDDNEEKN*VYLWLIKTFSQYFFNMKLKVWR 422 
ANTDLGVGVNVNS +VAVNAKTGGDDVEANDDNEEK K F + + + 
Sbjct: 227 ANTDLGVGVNVNSNVAVNAKTGGDDVEANDDNEEKKLGLPCHTDKNLFTVLFQHEIEGLE 286 
Query: 423 *RPKMRSGSEVKPSPNTSIVIAGN 494 
+ K VKPSPNT IVIAG+ 
Sbjct: 287 VKTKDEKWIRVKPSPNTFIVIAGD 310 
70 
e. clone #52 
Score E 
Sequences producing significant alignments (bits) Value 
gb|AAD31072.1 |AC007357_21 (AC007357) Contains similarity to. . . 190 4e-65 
gb|AAF50445.1| (AE003556) CG7185 gene product [Drosophila m. . . 52 4e-06 
ref]NP_008938.11 pre-mRNA cleavage factor Im (68kD) >gi| 136.. . 49 3e-05 
pir||T39935 RNA binding protein - fission yeast (Schizosacc. . . 49 3e-05 
pir||T01932 RNA binding protein homolog — common tobacco ( f . . . 48 5e-05 
emb|CAA05727.1| (AJ002892) AtGRP2 [Arabidopsis thaliana] 46 2e-04 
pir||S31443 glycine-rich RNA-binding protein (clone A81) - . . . 46 2e-04 
pir||T05254 probable RNA-binding protein F18A5.240 — Arabid... 46 2e-04 
gb|AAF31403.1 |AF200322_1 (AF200322) putative glycine-rich R. . . 45 5e-04 
>gb|AAD31072.l|AC007357_21 (AC007357) Contains similarity to gb|Y12424 SGRP-1 
protein frm 
Solanum commersonii and contains a PF|00076 RNA 
rocognition motif. [Arabidopsis thaliana] 
Length = 573 
Score = 190 bits (479), Expect(2) = 4e-65 
Identities = 91/96 (94%), Positives = 93/96 (96%) 
Frame = +1 
Query: 13 APPQGAQQIPVSQMSVNPNVMMNKSPTQSFWDNGNTMLFVGELHWWTTDAEIESVLSQY 192 
APPQGAQQIPVSQMSVNPNVMMNKSPTQSFWDNGNTMLFVGELHWWTTDAEIESVLSQY 
Sbjct: 166 APPQGAQQIPVSQMSVNPNVMMNKSPTQSFWDNGNTMLFVGELHWWTTDAEIESVLSQY 225 
Query: 193 GRDKEIKFFDERVSGKSKGYCQVEFYDSAAAAVARK 300 
GR KEIKFFDERVSGKSKGYCQVEFYDSAAAA + + 




Sequences producing significant alignments: (bits) Value 
sp|P37107|SR5C_ARATH SIGNAL RECOGNITION PARTICLE 54 KD PROTEH^ ... 85 9e-17 
gi |3746964 (AF092168) signal recognition particle 54 kDa subuni... 85 9e-17 
gi |3746903 (AF089724) signal recognition particle 54 kDa subuni... 77 2e-14 
pir||S68160 probable RNA binding protein ffh - Synechococcus sp... 50 3e-06 
sp|Q55311 |SR54_SYNP7 SIGNAL SEQUENCE BINDING PROTEIN >gi| 127974... 50 3e-06 
sp |P37105|SR54_BACSU SIGNAL RECOGNITION PARTICLE PROTEIN (FIFTY... 49 5e-06 
sp |P74214 |SR54:SYNY3 SIGNAL RECOGNITION PARTICLE PROTEIN (FIFTY... 47 2e-05 
gi |2688634 (AE001170) signal recognition particle protein (ffh)... 46 5e-05 
sp|P37107|SR5C_ARATH SIGNAL RECOGNITION PARTICLE 54 KD PROTEIN 
CHLOROPLAST PRECURSOR (SRP54) (54 CHLOROPLAST PROTEIN) {54CP) (FFC) 
>gi|480296|pir||S36637 signal recognition particle 54CP 
protein precursor - Arabidopsis thaliana 
>gi|39670l|emb|CAA79981.l| {Z21970) 54CP [Arabidopsis thaliana] 
Length = 564 
Score = 84.7 bits (206), Expect = 9e-17 
Identities = 42/42 (100%), Positives = 42/42 (100%) 
Frame = +3 
Query： 9 RFVQSVSDQAVGMGVIRGVKPDQQLVKIVHDELVKLMGGEVS 134 
RFVQSVSDQAVGMGVIRGVKPDQQLVKIVHDELVKLMGGEVS 
Sbjct: 126 RFVQSVSDQAVGMGVIRGVKPDQQLVKIVHDELVKLMGGEVS 167 
g. clone#18-2-6 
Score E 
Sequences producing significant alignments: (bits) Value 
emb|CAA20536.1 | (AL031369) hypothetical protein [Arabidopsis th... 123 4e-28 
gb|AAD23671.1 |AC007070_20 (AC007070) hypothetical protein [Arab... 123 4e-28 
emb|CAA20536.l| (AL031369) hypothetical protein [Arabidopsis thaliana] 
Length = 354 
Score = 123 bits (307), Expect = 4e-28 
Identities = 69/98 (70%) , Positives = 76/98 (77%), Gaps = 1/98 (1%) 
Frame = +3 
Query: 48 SLDCYRHSIPFAFRLEIKPLTFWRKNGSKKLSRKPDTRWWDLTHAKFGIRDPIRNPGFT 227 
SLDCYRHSIPFAFRLEIKPLTFWRKNGSKKLSRKPD RWWDLTHAKFG P GF 
Sbjct: 90 SLDCYRHSIPFAFRLEIKPLTFWRKNGSKKLSRKPDIRWWDLTHAKFG-SGPDPESGF- 147 
Query： 228 WQSLYPAK*VFLSVEET*NRDR-RRQILVSKKENLFGKQ 341 
+ +++ + V L V + R RRQILVSKKENLFG + 
Sbjct: 148 YVAVFVSGEVGLLVGGGNLKQRPRRQILVSKKENLFGNR 186 
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Table 3.5 Cloned genes encoding A. thaliana cytochrome P450-dependent 
monooxygenasesa. 
P 4 5 0 family/ Enzyme name Genebank Reference 
subfamily access ion number (#) 
C Y P 7 1 B 2 , B3 , unknown D 7 8 6 0 5 , D 7 8 6 0 2 , (Mizutani et al 1998) 
B4, B5 , B 6 D 7 8 6 0 3 , D 7 8 6 0 1 , 
D 7 8 6 0 4 
C Y P 7 1 B 7 unknown X 9 7 8 6 4 ( M a u g h a n e f a / . 1997) 
CYP73A5 Cinnamate-4-hydroxylase U 7 1 0 8 0 (Be l l -Le long et al\ 
Mizutani etal, 1997) 
C Y P 7 4 A 3 Al lene ox ide synthase X 9 2 5 1 0 (Laudert et al. 1996) 
C Y P 7 6 C 1 unknown D 7 8 6 0 0 (Mizutani et al. 1998) 
C Y P 8 3 A 1 unknown U 1 8 9 2 9 (Chapple 1995) 
C Y P 8 3 B 1 unknown D 7 8 5 9 8 (Mizutani et al. 1998) 
C Y P 8 4 Ferulate-5-hydroxylase U 3 8 4 1 6 {Meycretal. 1996) 
C Y P 8 6 unknown X 9 0 4 5 8 (Benvenis te and Durst 
1995) 
C Y P 8 9 A 2 unknown U 6 1 2 3 1 (Courtney et al 1996) 
C Y P 9 0 Cathasterone-23-hydroxylase X 8 7 3 6 7 (Szekeres etaL 1996) 
C Y P 9 0 A 1 , A 2 unknown D 7 8 6 0 6 , D 7 8 6 0 7 (Mizutani et al. 1998) 
^Unpublished sequences, PCR products, and ESTs are not indicated in this table. 
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Table 3.6 Summary of BLAST search results on 7 sequenced RAP-fragments. 
RAP-PCR Identical/Homologous Gene in A. thaliana 
Clones 
Trans-cinnamate 4-monooxygenase (cinnamate 4-hydroxylase) of 
#18-2-16 A. thaliana (CYP73A5) 
(Genebank accession # D78596) 
Cytochrome P450 dependent monooxygenase of A. thaliana 
{CYP8SA1) (Genebank accession # U1892% 
Putative copper amine oxidase of A. thaliana 
#18-1 
(Genebank accession # AC005956) 
Putative oxidoreductase of A. thaliana 
#28-1-10 
(Genebank accession # AF069442) 
A. thaliana chromosome 1 BAC F3F19 sequence, similarity to 
SGRP-1 protein from Solanum Commersonii & contains a RNA 
#52 
recognition motif 
(Genebank accession # AC007357) 
#13 2 Signal recognition particle 54cp protein precursor of A. thaliana 
(Genebank accession # Z21970) 
Hypothetical protein of A. thaliana 
#18-2-6 
(Genebank accession # AL031369) 
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3.5 Expression pattern analysis of salt inducible genes by northern 
blot hybridization 
3.5.1 Preparation of single-stranded digoxigenin (DIG)-labeled probes 
Four RAP-PCR clones were chosen for expression pattem analysis including 
clone #18-2-16，#19, #18-1, #28-1-10，#52, #13-2, and #18-2-6 (Table 3.6). DIG-
labeled single-stranded PCR probes were generated using two pairs of primers 
(external and internal) for each clone. The primers (Table 3.7) were design based on 
the full length cDNA sequences deposited in GeneBank that matched the partial 
DNA sequences obtained in this research. Details of DIG-labeling and PCR 
conditions were described in the Materials and Methods section. 
The first and second round PCR reactions were performed using the external 
and internal primer pair, respectively. Five or 2 t^l of the round one and round two 
PCR products were electrophoresed on a 1.5% agarose gel to ensure that the DNA 
fragments of expected sizes were obtained (Fig. 3.10). 
To generate DIG-labeled single-stranded DNA probes, the last round of PCR 
was performed using only the internal reverse primer in the presence ofDIG-labeled 
UTP (see Materials and Methods). Concentration of DIG-labeled probes were 
estimated by spot intensity comparisons with standards (Fig. 3.11). The amount of 
probes for #13-2, #18-2-16，#19 and #52 were 5 ng/^il, 25 ng/^l, 50 ng/]xl, and 70 
ng/^il, respectively. For typical northem blot hybridization experiments, 20-25 ng/ml 
of probes were used. 
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Table 3.7 Primers for making DIG-labeled PCR probes. External primers were used 
in round one PCR amplification. Internal primers were used in round two PCR 
amplification. For the last round ofPCR reaction, only the internal reverse primer was 
used in the presence of DIG-labeled UTP to obtain anti-sense single stranded DIG-
labeled PCR probes, (see Materials and Methods) 
Primer Information 
Name Function Sequence (5'-3') 
External forward CCTCCTCTTGCTGGAGAAGTCTT 
#18-2-16 External reverse GTGCAAGCTGAATTGTCCACC 
(CYP73A5) Internal forward CAAAGCTCCGCGGCAAGAAATTG 
(atC4H) 
Internal reverse CCAAAATAGGCAATGCCAATATAA 
External forward ACCGAAAACCAAACGGTACAAG 
」，A External reverse ACAAGCTTGAGATGCTGAGAC 
#19 
(CYP83A1) Intemal forward CATACAGGATAGGAAGCAGAAC 
Internal reverse CGGTCCCCATTCTTTCTCG 
External forward GAAGGAATGGGAAGAGGTAAC 
#52 External reverse CATAGTCTGCATCTCTTGACC 
(BACF3Fi9) Internal f o r w a r d C A T G A A T A C A C A A A A T G G A G A T G 
Intemal reverse GATCTGCTTCGAGATTTCAAGC 
External forward GACTGTTGTTGGCCATGGAAG 
#13-2 External reverse CTGGAGATTCTGCTAGTAACTC 
(54CP) Internal forward GGCGAAGAGGTCTTGACTAAG 




1636 b p - ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 1636 bp _ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ | 
1018 b | ^ ^ ^ ^ ^ B | ^ H 1»18 bp _ ^ ^ ^ ^ ^ ^ ^ ^ 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 506 bp - ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 
506 h p J ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ m ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 
M 1 2 3 4 M 5 6 7 8 
Fig. 3 • 10 PCR products for generation of DIG-labeled PCR probes. Genomic DNA 
samples were extracted from A. thaliana as described in Materials and Methods. 
Round one (a; lane 1 to 4) and round two (b; lane 5 to 8) PCR reactions were 
performed using external and internal primers, respectively. Lane 1 and 5: clone #13-2 
{54CPy, lane 2 and 6: #18-2-16 (CYP73A5) {atC4H); lane 3 and 7: #19(CYP83A1); 
and lane 4 and 8: #52 (BAC F3F19). M: 1 kb DNA ladder (Gibcobrl); the 1636 bp, 
1018 bp, and 506 bp fragments were marked. 
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Control #i3_2 #18-2-16 #19 #52 
DNA 
\ 
a. • «r • 鲁 • 
• • 
b . ㈣ > • 參 參 
c. 
m . * 
> 
1 2 3 4 5 
Fig. 3.11 Estimation of the amount of DIG-labeled DNA probes. One i^l aliquots of 
10-fold serial diluted DIG-labeled DNA standard (lane 1) and DIG-labeled probes for 
clone #13-2 (lane 2), clone #18-2-16 (lane 3), clone #19 (lane 4) and clone #52 (lane 5) 
were spotted on a nylon membrane. Detection of DIG labeling was performed as 
described in Materials and Methods. Row a. lx control DNA (5 ng); row b. 1/lOx 
control DNA; row c. 1/lOOx control DNA. 
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3.5.2 Dosage response of NaCl inducible genes 
To study dosage response of NaCl inducible messengers represented by clone 
#18-2-16 {CYP73A5), clone #19 {CYP83A1\ clone #52 {BAC F3F19) and clone 
#13-2 {54CP), total RNA for 3-week-old seedlings treated with MS containing 0 mM, 
20 mM, 40 mM, 80 mM and 150 mM NaCl were extracted. 
Northern blot analysis (Fig. 3.12) under continuous light showed that clone 
#18-2-16 {CYP73A5) (Fig. 3.12a) transcript level increased from 60 mM NaCl (lane 
4) to 150 mM NaCl (lane 6). The levels ofmRNA were 1.3-fold higher at 60 mM 
NaCl (lane 4)，1.8-fold higher at 80 mM NaCl (lane 5) and 2.3-fold higher at 150 mM 
NaCl (lane 6) compared to the control (0 mM) (lane 1). In the dark, however, the 
CYP73A5 transcript level increased both at 20 mM NaCl (0.5 fold; lane 8) and 40 
mM NaCl (3 fold; lane 9) compared to the dark control (lane 7). From 60 mM NaCl 
(lane 10) onward, the transcript levels dropped slightly from 2.5 fold to 2 fold (lane 
11). The maximum transcript expressions were at 40 mM NaCl (3 fold; lane 9) and 
60 mM NaCl (2.5 fold; lane 10). 
The expression level of #19 {CYP83A1) (Fig. 3.12b) was slightly increased in 
plants treated with 40 mM (lane 3) and 60 mM (lane 4) NaCl. It gave highest 
expression at 80 mM NaCl (lane 5) and was 7-fold of the control plants. However, 
the expression returned to basal level when plants treated with 150 mM NaCl (lane 6). 
For the dark-adapted plants, the expression levels of missing samples were too low to 
be detected and only the 150 mM NaCl (lane 12) treated plants showed a low level of 
expression. 
The expression level of #52 {BAC F3F19) (Fig. 3.12c) in light grown plants 
were too low to be detected and only the 0 mM (lane 1) and 60 mM NaCl (lane 4) 
showed traced of signal. For the dark-adapted plants, the BAC F3F19 transcript 
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levels at 20 mM (lane 8), 40 mM (lane 9)，80 mM (lane 11) and 150 mM (lane 12) 
NaCl were 2-fold, 2.7-fold, 2.7-fold and 5.5-fold, respectively compared to the dark 
control (lane 7). Interestingly, for the 60 mM NaCl (lane 10) treated plants, no 
increase in mRNA expression was observed. 
The expression pattem of #13-2 {54CP) in response to NaCl dosage was shown 
in Fig. 3.12d. When test under continuous light, the 54CP transcript level sharply 
increased at 80 mM NaCl (3.2 fold; lane 5). However, the expression in plants 
treated with other NaCl concentrations remained similar to the control plants. For the 
test in dark, the expression level of 54CP transcript in 20 mM (lane 8), 40 mM (lane 
9)，60 mM (lane 10) and 80 mM NaCl (lane 11) were very low and even undetectable 
for the dark (lane 7) control plants and 150 mM NaCl (lane 12) treated plants. 
3.5.3 Expression kinetics ofNaCI inducible genes 
To study the kinetic of expression ofNaCl inducible messengers represented by 
clone #18-2-16 (CYP73A5), clone #19 {CYP83A1), clone #52 {BAC F3F19) and 
clone #13-2 {54CP), total RNA for 3-week-old seedlings were treated with MS 
containing 0 mM and 40 mM NaCl for a period of48 hr. Samples at 4 hr, 16 hr, 24 hr 
and 48 hr were collected. A sample treated with 80 mM NaCl supplement for 48 hr 
was also added for comparison. Gene expressions were analyzed by northem blot 
analysis (Fig. 3.13). Since the samples for light and dark treatments were blotted 
onto different membranes, fold of NaCl induction can only be compared within the 
light-treated or dark-treated group. 
Under continuous light (Fig. 3.13a)，the CYP73A5 transcript was 5.2-fold ofthe 
light control (lane 3) after 24 hr ofNaCl treatment (lane 7) and dropped to 2.8-fold 
after 48 hr (lane 8) compared to the light control at the same time point (lane 4). The 
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CYP73A5 transcript was increased to 5.1-fold for the plant treated with 80 mM NaCl 
(lane 9) when compared to control (lane 4). Under continuous dark, although there 
was a moderate increase of CYP73A5 transcript at 4 hr (1.7 fold; lane 14) and 16 hr 
(1.8 fold; lane 15) of salt treatment when compared to the dark control (4 hr; lane 10 
and 16 hr; lane 11). No induction was observed after 24 hr (comparing lane 13 and 
lane 14). 
For clone #19 {CYP83A1) (Fig. 3.13b), under continuous light, it showed a 
gradually increase in the transcript level for the 40 mM NaCl treated plants. They 
were 3.3-fold, 1.5-fold and 1.6-fold at 4 hr (lane 5), 24 hr (lane 7) and 48 hr (lane 8) 
NaCl treatments, respectively when compared to the light controls (lanel, lane 3 and 
lane 4). For the 80 mM NaCl treated plants, 2.3-fold increase was observed 
compared with the light control collected at same time point (lane 4). There was a 
sudden drop in plants treated with 40 mM NaCl for 16 hr (lane 6). This may due to 
some unexpected experimental errors. However, salt induction of CYP83A1 
transcript was confirmed since the overall mRNA expression level in salt treated 
plants (lanes 5-9) was higher than the control plants (lanes 1-4). 
Under continuous light, the transcript expression of clone #52 (BAC F3F19) 
(Fig. 3.13c) in NaCl treated plants were around 1.3- to 4.6-fold (lanes 5-9) compared 
to the corresponding light control plants (lanes 1-4) with the maximum transcript 
expression at 16 hr (lane 6). However, under continuous dark, BACF3F19 transcript 
expression was dropped at 4 hr (lane 14) and 16 hr (lane 15) and then increased 
moderately from 24 hr (1.7-fold) to 48 hr (1.4-fold) in 40 mM NaCl treated plant 
(lanes 16-17). For the plants treated with 80 mM NaCl, it increased to 2.5-fold ofthe 
dark control after 48 hr (comparing lane 18 and lane 13). 
The kinetics of NaCl-induced expression of 54CP in continuous light (Fig. 
3.13d) was first observed at 40 mM NaCl treated plants after 24 hr. The mRNA 
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levels were 5.1-fold and 2.7-fold at 24 hr (lane 7) and 48 hr (lane 8)，respectively 
compared to the corresponding control plants (lane 3 and lane 4). It increased to 
6.6-fold of control for plants treated with 80 mM NaCl for 48 hr (comparing lane 4 
and lane 9). 
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Fig. 3.12 (a-d) Dosage response ofNaCl-inducible genes 
Northern blot hybridization analyses were performed to study the NaCl dosage 
response of salt inducible messengers represented by clone #18-2-16; CYP73A5 (a), 
clone #19; CYP83A1 (b), clone #52; BAC F3F19 (c), and clone #13-2; 54CP (d). 
Three-week-old seedlings were grown in a regular day-night cycle (16 hr Light: 8 hr 
Dark). Half of the samples were transferred to continuous light (lanes 1 to 6) and the 
other half were transferred to continuous dark (lanes 7 to 12) for two days in MS 
under supplemented with 0 mM (lane 1，7)，20 mM (lane 2, 8), 40 mM (lane 3, 9)，60 
mM (lane 4，10), 80 mM (lane 5, 11), and 150 mM (lane 6，12) NaCl. Twenty |ig 
aliquots of total RNA were separated in eight 1% agarose gels (see Materials and 
Methods). Upper panels: Northern blot signals and ethidium bromide staining of 
rRNA. Lower panels: bar charts showing the arbitrary densitometric units (ADU) 
obtained from scanning of the Northern blot signals on a X-ray film and with rRNA 
contents. The arbitrary value oflane 1 was set to 1. Values of the rest of the samples 
were obtained by comparing to lane 1. Open bars represent light grown samples; 
dark bars represent dark-adapted samples. 
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d. clone #13-2 (54CP) 
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Fig. 3.13 (a-e) Expression kinetics ofNaCl-inducible genes 
The kinetics of gene expression for clone #18-2-16 {CYP73A5) (a), #19 {CYP83A1) 
(b), #52 (BAC F3F19) (c), and #13-2 {54CP) (d) were studied by northern blot 
hybridization analysis. Three-week-old seedlings were grown under a regular day-
night cycle (16 hr Light : 8 hr Dark). For clones #18-2-16 {CYP73A5) (a) and #52 
(BAC F3F19) (c), the seedlings were divided into two groups. Half of the samples 
were transferred to continuous light (lanes 1 to 9) and the other half was transferred to 
continuous dark (lanes 10-18) for two days. Different concentration of NaCl 
supplements were applied. For NaCl supplements of 0 mM and 40 mM, samples for a 
series of time points were collected after treatments of 4 hr (lanes 1, 5, 10, 14), 16 hr 
(lanes 2, 6,11，15), 24 hr (lanes 3，7，12,16) and 48 hr (lanes 4，8，13,17). For 80 mM 
NaCl supplement, only time point at 48 hr was collected (lanes 9 and 18). For clones 
#19 {CYP83A1) (b) and #13-2 {54CP) (d), all seedlings were transferred to continuous 
light (lanes 1-9) for two days. Different concentration of NaCl supplements were 
supplied. For NaCl supplements of 0 mM and 40 mM, samples for a series of time 
points were collected after treatments of 4 hr (lanes 1 and 5), 16 hr (lanes 2 and 6), 24 
hr (lanes 3 and 7) and 48 hr (lanes 4 and 8). For 80 mM NaCl supplement, only time 
point at 48 hr was collected (lane 9). Upper panels: northern blot signals and ethidium 
bromide staining of rRNA. Lower panels: bar charts showing the arbitrary 
densitometric units (ADU) obtained from scanning of the Northern blot signals on a 
X-ray film and modified with rRNA contents. The arbitrary values oflane 1 and lane 
10 were set to 1. The values of samples of lane 2 to 9 and lane 11 to 18 were obtained 
by comparing to lane 1 and lane 10，respectively. Open bars represent samples in 
continuous light; dark bars represent samples in continuous dark. 
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c. clone #52 {BACF3F19) 
LIGHT DARK 
NaCl (mM) 0 40 80 0 40 80 
I 11 II~~I I II II~~I 
Time (hr) 4 16 24 48 4 16 24 48 48 4 16 24 48 4 16 24 48 48 
— I _ _ ^ i i | ^ # M l ^ ^ m ^ m ^ - m g | ^ 
麗 l!B!lili^ ffiH ^BB9B9 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
LIGHT DARK 
NaCl (mM) 0 40 80 N«CI (mM) 0 40 80 
1 II II~~1 I II [I~~I 
Time (hr) 4 16 24 48 4 16 24 48 48 Time (hr) 4 16 24 48 4 16 24 48 48 
8 8 " " 
2 OS 
fc , S fe. 6 门 £ 6 
^ n s ！ I 5 1 
: t 4 <S I 4 
o a 一 _ 
�1咖」1關111 “ oLlili,ll 
1 1 ^ ^ ^ ^ ^ ® ‘ 10 11 12 13 14 15 16 17 18 
91 
d. clone #13-2 {54CP) 
LIGHT 
NaCI (mM) 0 40 80 
I II II 1 
Time (hr) 4 16 24 48 4 16 24 48 48 
…jb. ;.V.: V：- •'• ‘~L. .*v- .r;/' • * ,r .,2A’""^ Ar^，。％.i^ -y,..!^ ^ '-i�^i^i4:^u��j\�i'i*52^C3^0IM 
5.c. :��f i_fiiigi>||||ii 
. ^ ^ | ^ ^ ^ H ^ ^ ^ ^ Q i l | ^ ^ H I '• ^^^^^fB3SBi 
1 2 3 4 5 6 7 8 9 
NaCI (mM) 0 40 80 
I II II 1 
Time(hr) 4 15 24 48 4 16 24 48 48 
20 —— 
_ 15 n 
^ & 




w r n 
5 
0 n n n 
1 2 3 4 5 6 7 8 9 
92 
4. Discussion 
4.1 Isolation ofRAP-PCR targets 
As discussed in the Literature Review section, salt stress (generally in form of 
NaCl) poses a severe threat to agriculture. The mechanism of how NaCl causes cell 
damages and how some plants can tolerate to the stress have raised interests in 
different fields of biological studies including physiology, biochemistry, genetic and 
molecular biology. 
In this thesis, the model plant A. thaliana was chosen as the study system. The 
objective was to obtain NaCl inducible genes. These genes can serve two purposes: 1) 
some ofthese genes may be related to NaCl tolerance or NaCl stress metabolism; and 
2) gene inducible promoters for these genes may help to drive an inducible expression 
of other salt tolerance genes. 
RAP-PCR technologies were employed to obtain NaCl inducible genes. This 
approach is fast and convenient and the screening is relatively comprehensive. 
However, there are also some disadvantages. The pattems of minor bands may vary 
from experiments to experiments. To overcome this, all possible differential bands 
were collected initially and verified by subsequent experiments. Recently, the DNA 
chip technology has developed rapidly. The genome sequences ofA. thaliana is also 
cloned to completion. Screening of stress related genes will be much more 
comprehensive and timely in the future. 
In this research, 54 differentially expressing cDNA transcripts were isolated from 
RNA fingerprints of A. thaliana seedlings treated with 0 mM, 40 mM and 80 mM 
NaCl supplements. Subsequently, 13 RAP-PCR products were successfully cloned. 
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Out of the 13 cloned cDNAs, 7 partial nucleotide sequences were obtained. 
Homologous sequence alignments showed that clones #18-2-16 {CYP73A5) and #19 
{CYP83A1) were identified as cytochrome P450 monooxygenases. Whereas clone 
#18-1 and #28-1-10 encoded a putative copper amine oxidase and a putative 
oxidorecductase respectively. These four clones were probably related to redox 
biochemical reactions. Clone #52 and #13-2 might encode for a glycine-rich RNA 
binding protein and a chloroplast signal recognition particle {54CP) precursor, 
respectively. They may relate to post-transcriptional regulation of mRNA stability and 
protein sorting. To further analyse the pattem of gene expression of salt-inducible 
genes, dosage response and kinetics of gene expressions were studied by northern blot 
hybridization. 
4.2 Expression of NaCl inducible P450 genes 
The P450 gene CYP73A5 was previously found to be induced by switching from 
dark to light conditions (Mizutani et aL 1998). The light induction will peak after 3 hr 
and will fall to basal level after 5 hours (Mizutani et aL 1998). The light dependence 
of(CYP73A5) expression may due to its light-responsive promoter which consists of 
two G-box-like sequences (Giuliano et al. 1988). In this experiment, we pretreated the 
plants under continuous light and continuous dark (Fig. 3.13a) for 24 hr before 
transferring to different NaCl treatments under the same light dark regime. Dosage 
response was demonstrated under light conditions over an extended concentration of 
NaCl. On the other hand, under dark conditions, NaCl induction reached its peak at 
about 40 mM NaCl supplements (Fig. 3.13a). However, the responding time ofNaCl 
is faster in the dark (before 16hr) than in the light (24 hr) (Fig. 3.14b). The other P450 
gene CYP83A1 demonstrated a light enhanced gene expression as reported previously 
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((Mizutani et al. 1998); Fig. 3.14b). The expression in the dark was barely detectable. 
Significant NaCl induction was observed only in a very narrow window as indicated 
by the result of dosage response experiment (Fig. 3.13b). 
The results of kinetics studies were astonishing (Fig. 3.14b). It seems that even 
after 24 hr of light pre-treatment, CYP83A1 gene expression was yet to be saturated. 
The mRNA levels were rising throughout the 48 hr of experimental period even when 
no additional NaCl was added. Nevertheless, under 40 mM NaCl treatment, the 
mRNA levels of CYP83A1 were higher than that of control at time 4，24，and 48 hr. An 
unexpected dramatic drop of gene expression was observed at 16^ ^ hr. This drop may 
due to a response to accidental wounding during transfer (Mizutani et al. 1998) or 
other mode of control from a different regulatory path. 
P450 proteins consist of a large family and are vital to many physiological 
processes in both plants and animals. P450s were first discovered in animal liver 
microsomal preparations (Hayaishi et al. 1995) in 1995. They utilizes NADPH as a 
reductant (Mason et al. 1955) and contains a carbon monoxide binding pigment that 
absorbs light at 450 nm (Klingenbery 1958). This pigment is a hemoprotein ofthe b-
type cytochrome class (Omura and Sato 1964b). 
Almost all plant cytochrome P450s are 50- to 60-kDa proteins associated with the 
ER via their hydrophobic helix near the N-terminus and are cotranslationally inserted 
in a signal recognition particle-dependent fashion (Sakaguchi et al. 1984). Two main 
highly conserved domains in most P450s are: 1) a Phe-x-x-Gly-x-Arg-x-Cys-x-Gly 
motif near the C-terminus including the cysteine that serves as a fifth ligand to the 
heme iron. 2) a Ala/Gly-Gly-x-Asp/Glu-Thr-Thr/Ser consensus, about 150 residues 
upstream and are corresponding to the oxygen binding and activation groove in the I-
helix on the distal side of the heme. There are still some other less conserved motifs. 
A sequence between I-helix and heme binding cysteine that may be important for 
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heme binding (Pro-Glu/Asp-Arg/His-Phe/Trp), and a proline-rich region (Pro-Pro-x-
Pro) that forms a hinge between the membrane-anchored N-terminal helix and the 
globular part of the protein (Werck-Reichhart et al 2000). All of these P450 signature 
domains were found in CYP73A5 and CYP83A1 (Mizutani et aL 1998). 
Plant P450s are usually bounded to the cytoplasmic surface of the ER with their 
reductases. There are at least two different P450 reductases found in higher plants 
(Werck-Reichhart et al 2000). Electrons from NADPH are transferred to P450s from 
FAD and then FMN located in the P450 reductase one by one. 
Since the cloning of first animal P450 gene in 1982, more than 400 P450 genes 
have been identified from a wide range of organsims (Bozak et al 1990). The first 
plant P450 gene {CYP7l) was cloned by differential screening of cDNA libraries 
constructed from ripe and unripe avocado fruit (Bozak et al 1990). 
Plant P450 is a generic name of a family of heme-thiolate proteins. These 
proteins involved in oxidative metabolism of exogenous and endogenous lipophilic 
substrates (Nelson et al 1996). Plant P450 families bear numbers from CYP71 to 
CYP99 play crucial roles in a number ofbiochemical pathways, such as the synthesis 
of phenylpropanoids, alkaloids, terpenoids, cyanogenic glycosides, lipids and plant 
growth regulators (Chapple 1998). In addition, they also involved in the detoxification 
of a number ofherbicides in plant tissues (Donaldson and Luster 1991; Hatzios 1991; 
Riviere and Cabbane 1987; Sandermann 1992). Among the 23 P450 gene families in 
higher plants, 10 found in A. thaliana (Mizutani et al 1998). They included: 
CYP73A5, a cinnamate-4-hydroxylase {C4H), which is equivalent to the salt inducible 
clone #18-2-16; CYP74A3, an allene oxide synthase cloned by Laudert and associates 
in 1996; CYP83 that has two subfamilies CYP83AJ (Chapple 1995) and CYP83Bl 
(Mizutani et al. 1998). However, the corresponding enzymes have not yet been 
identified. Alignment results showed that the sequence of CYP83A1 was identical to 
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the salt inducible clone #19. 
4.2.1 Cytochrome P450 CYP73A5 
CYP73A5 is one of the most abundant P450s in plants, and was the first 
characterized plant P450 (Potts et al 1974). It involves in the second core reaction of 
the general phenylpropanoid pathway. This pathway provides a variety of important 
metabolites including lignins, flavonoids, esters, lignans, stilbenes, and acts as a 
template for other secondary metabolites (Fahrendorf and Dixon 1993; Mitzutani et aL 
1993; Teutsch et aL 1993). CYP73A5 catalyses the p-hydroxylation oftrans-cinnamic 
acid to produce p-coumaric acid (Russell 1971). Previous results demonstrated that 
Pheammonia-lyase (PAL), Cinnamate-4-hydroxylase, CYP73A5, and 4-
coumarate:CoA ligase (4CL) were tightly coregulated at both mRNA and protein 
levels (Logemann et aL 1995; Reinold and Hahlbrock 1996; Reinold and Hahlbrock 
1997). PAL and 4CL are the first and the last enzymes in the general phenylpropanoid 
pathway. However, it is not clear how CYP73A5 expression is coregulated with other 
genes in the phenylpropanoid pathway (Mizutani et al. 1997). Although the gene 
expression of CYP73A5 has been shown to be induced by light, pathogens, wounding 
and elicitors, its responses to NaCl stress is still unknown. Results of this research 
shows that the CYP73A5 mRNA expression is also induced by NaCl in a dosage 
dependent manner, especially under continuous light. In general, the response will not 
appear in a short period of time (after a few hours), lt may be related to the possible 
long-term adaptable functions of the genes (see below). The overall effect ofNaCl is 
to activate the phenylpropanoid pathways and lead to the synthesis of a number of 
secondary metabolites that are involved in differentiation and protection of plant 
tissues against environmental stresses (Hahlbrock and Scheel 1989). However, how 
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NaCl stress activates the phenylpropanoid pathway is still unclear. CYP73A5 is 
responsible for the production of the monolignols involving in the lignification in the 
vascular tissue of stems and leaves as well as the synthesis of UV-protective sinapate 
esters and flavonoids in the epidermis and mesophyll (Bell-Lelong et al. 1997). 
Lignification is one of the methods employed by higher plants to reduce the 
permeability of the cell wall to water and other molecules by depositing lignin in stems 
and leaves (Mohr and Schopfer 1995). On the other hand, the production of ester, a 
component of cuticle, provides a water-repellant layer on the outer surface of plants. It 
is possible that the increase in CYP73A5 mRNA expression is involved in the 
protective responses of plant to defend against salt stress by producing lignins and 
esters to reduce water loss. Since CYP73A5 mRNA expression pattem reflect the 
degree of salt tolerant, the above observations may suggest that plants are more 
tolerant to salt stress under light-grown conditions. Conversely, NaCl stress may be 
more severe in light conditions because Na+ may damage photosynthetic membrane 
will then release lipophilic substrates and/or oxidative species that is related to the 
functions ofCYP73A5. 
4.2.2 Cytochrome P450 CYP83A1 
The other NaCl-inducible P450 gene, CYP83A1 was isolated by cross-
hybridization with a gene rescued from a T-DNA-tagged version ofafahl mutant of 
Arabidopsis, which defective in ferulate-5-hydroxylase {F5H) (Chapple 1995). 
Ferulate-5-hydroxylase is a P450 protein that also involved in lignin formation. 
Southern analysis indicated that CYP83A1 was encoded by a single copy gene in A. 
thaliana. Due to sequence diversity (40% or less identity), CYP83A1 was categorized 
as a new class of P450 distinguished from that of F5H. Very little information is 
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available for this gene and the putative protein it encodes for has not yet been 
identified. CYP83A1 expresses in leaf, stem and root but the gene expression is most 
prominent in leaf. The mRNA level of CYP83A1 increases under light but is down-
regulated by wounding (Mizutani et aL 1998). Salt induction of CYP83A1 gene 
expression was observed in light grown plants (Fig. 3.12b). The CYP83A1 mRNA 
level was induced by a narrow range ofNaCl concentration and peaked around 80 mM. 
A higher dose may cause toxicity to the cells so that the gene can no longer be induced. 
The sudden drop in plants treated with 40 mM NaCl for 16 hr (Fig. 3.13b) may due to 
the wounding effect since the gene expression has been found to be down regulated by 
wounding. This enzyme may be responsible for the oxidation of endogenous 
substrates accumulated in the cells during salt stress. This hypothesis is consistent 
with the findings in this research that several other genes related to redox reactions 
including another P450 gene CYP73A5 (clone #18-2-16)，a copper amine oxidase 
(clone #18-1) and an oxidorecductase (clone #28-1-10) were all induced by NaCl 
(Table 3.7). For dark-adapted plants, the CYP83A1 mRNA was barely detectable at all 
concentrations. It suggests that the salt induction property of CYP83A1 is light 
dependent. 
4.3 NaCl induction genes related to post-transcriptional activities 
Two NaCl inducible genes were found to relate to post-transcriptional activities. 
Clone #52 and #13-2 are cDNA fragments for genes encoding a glycine-rich RNA 
binding protein (BAC F3F19) and the precursor of a nuclear-encoded chloroplast 
(54CP, (Franklin and Hoffman 1993)), respectively. While the expression ofBAC 
F3F19 is prominent only in the dark (Fig. 3.12c), the mRNA level of 54CP is 
enhanced under light (Fig. 3.12d). Together with the differential compartmentation of 
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the gene products, it is unlikely that BAC F3F19 and 54CP will work in the same 
pathway despite that both are NaCl-inducible. However, the above results do suggest 
that NaCl treatment will lead to a complicated network of post-transcriptional 
activities. It is consistent with the previous findings that post-transcriptional activities 
are closely related to stress responses. 
4.3.1 Glycine-rich RNA binding protein (BAC F3F19) 
BAC F3F19 located on chromosome 1 of A. thaliana shows a 94% identity to 
SGRP-1 protein from Solanum commersonii and 35% identity to a glycine-rich RNA 
binding protein (AtGRP2) of A. thaliana. 
Plant glycine-rich RNA binding protein are small proteins (16-17 kDa) that 
constitute of a RNA-recognition motif (RRM)-containing N-terminal motif and a 
glycine-rich (about 70%) C-terminal region (Alba and Pages 1998). The glycine rich 
region (about 70%) is throught to help interprotein interactions and may also contain 
RGG box repeats that act as RNA binding motif in other proteins (Alba and Pages 
1998). The RRM conserved sequence usually spans a 80-100 a.a. region. RNA 
binding in glycine-rich RNA binding protein has been demonstrated by in vitro 
RNA-binding assay (Dunn et aL 1996; Freire and Pages 1995) (and the targets are 
usually single-stranded DNA (Dunn et aL 1996). The RNA binding is not a random 
event. A higher binding affinity to specific RNA species including rRNAs was 
reported previously (Alba et aL 1994). In some cases (eg. MA16 oiZea mays\ the 
glycine rich RNA binding protein binds to its own mRNA and may represent a feed-
back regulation. 
Two most consensus sequences are present within the RRMs of most RNA-
binding proteins: RNP-1 ((K/R)G(F/Y)(G/A)FVX(F/Y)) and RNP-2 
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((L/I)(F/Y)(V/I)(G/K)(G/N)L)). Most of the eukaryotic RRM-type RNA-binding 
proteins are involved in pre-mRNA splicing or alternative splicing in the nucleus or in 
the control of mRNA translation efficiency in the cytoplasm (Alba and Pages 1998; 
Bimey et al. 1993). Putative amino acid sequence ofBAC F3F19 as well as clone #52 
contains a 100% conserved RNP-2 consenus sequence. For RNP-1, the third and 
fourth amino acids are replaced by C and Q, respectively. The putative RNA binding 
domain ofBAC F3F19 is also followed by a zinc finger (C3HC4) ring finger motif. A 
characteristic of some classes of glycine-rich RNA binding proteins. 
Expression of glycine-rich RNA-binding proteins are affected by factors such as 
abscisic acid (ABA), wounding, cold, circadian rhythm and probably salinity. This 
may reflect their involvements in the modulation of pathways activated by these 
stimuli (Sachetto-Martins et al. 2000). The phytohormone ABA plays a vital role in 
mediating a number ofphysiological processes such as desiccation, seed development, 
and regulating adaptive responses of plants under adverse environmental conditions 
(Skriver and Mundy 1990). In a desiccation experiment using maize, a positive 
correlation between endogenous levels of ABA and mal6 expression was observed 
(G6mez et al 1988). Two other glycine rich RNA-binding proteins, F5GRP-l from 
Fagus sylvatica (Nicolas et al. 1997) and DcGRP-1 from Daucus carota (Sturm 1992) 
are also ABA-modulated. In addition, glycine-rich RNA binding protein genes 
induced by osmotic stress (Didierjean et al 1992; Didierjean et al 1996) or down 
regulated by water stress (Ruiter et al. 1997; Xu et al. 1995) were also reported. These 
results implicate that the expression of some glycine-rich RNA binding protein may 
relate to plant water balance and that ABA may be one of the molecules involved in 
this signal transduction pathway (Sachetto-Martins et al 2000). Beside ABA and 
osmotic stress, glycine-rich RNA binding protein genes such as atGRP-2 (de Oliverira 
et al. 1990) CCR1 and CCR2 (Carpenter et al 1994; van Nocker and Vierstra 1993) 
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from A. thaliana were also found to be cold induced and modulated by circadian 
rhythm. CCHC Zn-fingers containing plant glycine-rich RNA binding proteins were 
also reported in A. thaliana (AtGRP-2) and Nicotiana sylvestris (NsGRP-2; RZ-1). 
AtGRP and NsGRP both have a cold shock domain and with only the RNP-1 
consensus sequence at their N-termini (Kingsley and Palls 1994) and RZ-1 contains 
both RNP-1 and RNP-2 (Hanano et aL 1996). BAC F3F19 (related to clone #52) 
contains all important structural domains of this clones of Zn-finger containing 
glycine-rich RNA binding protein: CCHC Zn-finger, RRM, and glycine rich region. 
These structural domains were also found in yeast and mammal splicing factors 
(Cavaloc et aL 1994; Frank and Guthrie 1992) and in human nucleic acid-binding 
protein (Rajavashisth et aL 1989). It is possible that protein bearing these domains 
may be components of the plant cell splicing machinery (Hanano et al. 1996). 
Deletion assays on RZ-1 protein showed that both the RNA-binding domain and 
the C-terminal glycine rich region are important for the RNA-binding activity 
(Hanano et aL 1996). Moreover, RZ-1 protein interaction with RNAs through a 
complex association with several proteins in the nucleus also suggested that it may 
involve in RNA processing, maturation or control of gene expression. AtGRP-2 and 
RZ-2 transcripts are constitutively synthesized at high levels in all organs, and may 
involve in fundamental cellular processes. BACF3F19, on the other hand, is induced 
by NaCl treatments (Fig. 3.13c) (Sachetto-Martins et aL 2000). 
The modulation of some glycine-rich RNA binding proteins by salinity has been 
implicated in some previous experiments (Sachetto-Martins et aL 2000). However, 
very little information is available for this part of research. The discovery of this 
research may bring a new perspective of the functions of glycine-rich RNA binding 
proteins under NaCl stress. 
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4.3.2 Chloroplast signal recognition particle {54CP) 
Clone #13-2 araised from a nuclear gene encoding a precusor of a chloroplastic 
signal recognition particle (54CP) that is homologous to the 54-kDa subunit of the 
signal recognition (SRP) used for protein siting in endoplastic reticulum (ER) 
(Franklin and Hoffman 1993). 54CP has a 44% identity to the E. coliffh gene product 
but only has a 27% identity to the mammalian SRP54. This suggests that 54CP is from 
a prokaryotic rather than eukaryotic origin. This research presents first evidence 
suggesting that the gene of this chloroplast signal recognition particle is salt inducible. 
54CP participates in targeting light-harvesting chlorophyll protein (LHCP) to 
thylakoid membrane. The way 54CP targets LHCP to thylakoids is similar to the 
process of SRP piloting nascent peptides to the ER (Li et al 1995). Mammalian SRP 
is composed of six polypeptides and a 7 S RNA but only the 54-kDa subunit (SRP54) 
binds to the hydrophobic ER-targeting signal (Lutchke 1995; Walter and Johnson 
1994). SRP involves in the early steps of mammalian secretory protein synthesis. The 
secretory proteins containing a hydrophobic signal sequence is recognized by the SRP. 
The SRP then guides the ribosome with its nascent protein to the ER by docking the 
whole complex to the SRP receptor on the surface ofER. After targeting the complex 
to ER, the SRP releases and the nascent protein is cotranslationally directed across the 
membrane via a protein channel. The elongating polypeptide subsequently transports 
via vesicles to the Golgi (Franklin and Hoffman 1993; Taiz and Zeiger 1991). SRP54 
binds to the signal sequences of secretory protein as well as the 7 S RNA (Krieg et al. 
1986; Kurzchalia et al. 1986). The E. coli homologue Ffh, on the other hand, is 
associated with a 4.5 S RNA that is structurally homologous to the SRP 7 S RNA 
(Poritz et al 1990; Ribes et al 1990) implicating that a SRP-like mechanism for the 
targeting of proteins may exist in prokaryotes (Franklin and Hoffman 1993). 
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Chloroplast SRP (cpSRP) is composed of two subunits: a 43-kDa (cpSRP43 a 
dimer) and a 54-kDa (cpSRP54, a monomer) polypeptides. The cpSRP lacks the RNA 
which presents in mammalian and E. coli SRPs. LHCP, the major proteins of the 
thylakoid membrane, are the known substrates of cpSRP. LHCP are a large family of 
related proteins with three to four transmembrane domains (Schuenemann et al. 1998). 
LHCP is synthesized in the cytoplasm and then transported through the inter-envelope 
space of the chloroplast before ready the stroma (Cline et al. 1989; Reed et al. 1990) in 
where they are posttranslationally transported to the thylakoid membrane of 
chloroplast via a soluble phase. Recent data shows that before integration, LHCP 
binds to the cpSRP trimer and forms a transit complex in stroma. This transit complex 
only consists of cpSRP43, cpSRP54 and LHCP (Schuenemann et aL 1998). However, 
cpSRP is not sufficient for LHCP integration. An additional stromal factor, 
chloroplast FtsY (cpFtsY) and GTP are required. FtsY is an essential protein in E. coli 
that is homologous to the soluble a-subunit of the SRP receptor. cpFtsY associates 
with cpSRP and is required for the LCHP integration into the thylakoid membrane. It 
is not known whether cpFtsY interacts with cpSRP in the biogenesis of chloroplast 
encoded proteins or it regulates the GTP hydrolysis by GTPase activity of cpSRP54 
(Tu et al 1999). 
LHCP are a group of membrane-bound antenna pigment proteins in thylakoid 
membrane. Some of these proteins associated with photosystem II and are called 
light-harvesting complex II (LHCII) proteins. Others associated with photosystem I 
are light-harvesting complex I (LHCI) proteins (Taiz and Zeiger 1998). These proteins 
contain about 15 chlorophyll pigments and carotenoids. The energy oflight absorbed 
by carotenoids is rapidly transferred to the chlorophylls and then delivers to the 
reaction center. LHCII is involved in the mechanism that shifts energy from one 
photosystem to the other by phosphorylating or unphosphorylating the LHCII with the 
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help of a protein kinase. When LHCII is not phosphorylated, it delivers more energy 
to photosystem II’ and when it is phosphorylated, it delivers more energy to 
photosystem I. This mechanism controls the distribution of excitation energy and 
serves as both a protective process to prevent photoinhibition and a device for 
enhancing the efficiency of energy trapping (Taiz and Zeiger 1998). Two hypotheses 
are suggested base on the results obtained from the northern blot hybridization 
analysis. The increase in 54CP mRNA expression level when plants are under salt 
stress increase the number of cpSRP in stroma. More cpSRP can pilot more LHCP 
into the thylakoid membranes and LHCP in the thylakoid membranes can maximize 
the energy absorption from light and thus increase the end products of light reaction, 
i.e.，ATP and NADPH. The high-energy compounds increase the rate of 
photosynthesis and hence more organic compounds are produced. The accumulation 
of organic solutes can balance the intracellular water potential difference created by 
the compartmentation of inorganic ions into the vacuole. The second possibility in 
that the increase of LHCP in the thylakoid membranes is to replace the damaged 
LHCP. The level of functional LHCP in the thylakoid membranes can maintain the 
function ofphotosystem. The increase of cpSRP54 in stroma may be an adaptation for 
plants to maintain photosynthesis under NaCl stress. 
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4.4 Conclusion 
Adaptation and tolerance to salinity stress in plants involved various metabolic 
mechanisms. Many genes are inducibly expressed under salt stress in plants are 
thought to be involved in these mechanisms (Takabe et al. 1998). It is very important 
to determine which genes are most suitable for the genetic engineering of salinity 
tolerance. Since the effect of each gene is different and it may involved in several 
metabolic pathways (Hayashi and Murata 1998), the identification of salt inducible 
genes is one of the main task to chase out the most suitable gene(s) for the gene 
engineering of salt tolerance. 
Recently, the use of yeast as a testing system has led to the characterization of 
some ion transport protein genes of plants. Moreover, heterologous expression ofthe 
genes for biosynthesis of organic osmolytes results in salt tolerant phenotypes. 
However, the manipulation of ion uptake and organic osmolyte synthesis are not 
sufficient to provide salt tolerance in plants. They constitute only a small part of the 
adaptive strategies employed by plants (Jain and Selvaraj 1997) that involve structural 
and developmental modifications. 
The excretion of NaCl accumulation in plants, should be the ultimate goal of 
genetic engineering of salt tolerance. Eighty precent of salt is excreted from leaves in 
the presence of salt glands and salt bladders. The formation of salt glands and salt 
bladders on leaves of glycophytes or any structures that can help salt excretion is 
probably the most effective approach to improve salt tolerance in plants. 
In conclusion, this research has identified several salt-inducible genes in A. 
thaliana. The results suggest the existence of an extremely complicated salt 
stress/tolerance response pathway network involving redox reactions (such as P450 
systems) as well as various post-transcriptional activities (such as RNA binding 
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protein and proteins sorting apparatus). With the advent ofDNA chip technology and 
the completion of A. thaliana genome sequencing project, a more comprehensive 
study on salt-inducible genes can then be performed. This research, however, presents 
some preliminary original observations that may contribute partly to the understanding 
ofthe whole salt stress/tolerance mechanism. 
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